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Nanoscale gaps as contact electrodes are capable of accommodating nano-
objects and hence are very useful for molecular electronics. Although a number of 
approaches have been advanced in recent years, a major weakness of nanogaps 
used for molecular sensing when operating in aqueous solution is the inevitable 
presence of parasitic ionic current that can mask the desired signal. In this thesis, the 
goal is to develop techniques to fabricate nanogaps for such sensing applications in 
aqueous solutions even with high ionic strength.   
At the outset, a few techniques for nanogap fabrication were investigated 
including shadow evaporation, feedback-controlled electromigration and 
electromigration by slow voltage ramp. Sub-50 nm nanogaps were obtained using 
shadow evaporation technique while sub-2 nm nanogaps were formed by 
electromigration in a pre-defined bowtie electrode. The advantages and 
disadvantages of each technique are discussed. The topography and the location of 
the nanogap by electromigration were then examined and the dependence of the 
nanogap location on temperature was also investigated. 
Furthermore, to fabricate the polymer-protected nanogap devices in a self-
aligned manner, selective polymer dissolution and polymer ablation techniques 
were investigated.  Electrodes with constrictions (so-called bowtie or butterfly 
electrodes) were coated by a thin polymer layer. The polymer dissolution technique 
aims to remove the polymer by dissolving the polymer only at desired region while 
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the rest of the device remains covered. When a current was passed through the 
polymer-coated electrodes in the presence of an appropriate solvent, local 
accelerated dissolution occurred in the heated region by Joule heating while the 
polymer in the cooler areas remained. The temperature profile was studied on 
multiple-electrode structures and it was found that the technique worked well for 
nano-line structures. On the other hand, the polymer ablation technique by the 
simple slow voltage ramp involves simultaneous formation of a sub-2 nm nanogap in 
the pre-defined electrode and a self-aligned hole in the overlaying polymer. The 
formation of the sub-2 nm nanogaps was caused by thermally assisted 
electromigration, while Joule heating caused rapid temperature rise at the 
constriction site leading to a local ablation of the PMMA and resulted in the 
formation of a hole structure right on top of the nanogap.  
The formation of an array of nanogap electrodes was achieved using the 
simple voltage ramp approach applied across parallel-connected electrode patterns 
with individual constrictions.  Because of the balancing of current sharing among the 
devices during the electromigration process, the process of creating multiple 
nanogaps was not very different from that of a single nanogap junction. The 
technique provides a practical approach to fabricate a series of polymer-protected 
nanogap devices with considerably higher efficiency than afforded by the normally 
slow serial process of electromigration. 
In contrast to conventional bare electrodes with nanogaps without polymer 
protection, the self-aligned polymer-protected nanogap devices are able to 
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significantly reduce the ionic current through the electrolyte for aqueous solution of 
high salt concentration, which would significantly increase the signal-to-noise-ratio 
and is thus advantageous in molecular sensing applications.  
DNA detection was demonstrated using both bare nanogap devices and 
polymer-layer protected nanogap devices by oligonucleotide-modified gold 
nanoparticle assembly. The former experiments made use of nanogaps fabricated by 
shadow evaporation and also by electromigration, and showed an obvious 
conductance change upon the event of DNA hybridization. The latter experiments 
follow a similar detection mechanism but were carried out in buffer solution. The 
electrical signal from DNA hybridization in solution was in order of 10-10 A, which 
would have been completely masked by the ionic current through the electrolyte if 
there had been no polymer protection.  
In addition, preliminary results are presented for in situ single DNA molecule 
trapping into the polymer-protected nanogap device. The self-complementary 8 
base-pair poly-GC DNA strand was covalently bonded to the nanogap electrode by 
thiol-gold binding. The conductance of the double-strand DNA was measured to be 
about 0.09 S in buffer solution. To demonstrate that the molecule trapped was the 
DNA duplex, in situ DNA melting experiments were carried out by increasing 
temperature above the melting temperature of the DNA to induce the denaturing of 
the helix structure. Unfortunately, serious gold corrosion frequently occurred during 
the trapping experiments, which significantly reduced the yield of DNA trapping.  
 
 vi 
List of Figures 
Figure 2-1: AFM images of the narrow gap electrodes show the distances [19]: (a) 8 
nm, (b) 4 nm, (c) ~3 nm and (d) ~2 nm. ........................................................................ 6 
 
Figure 2-2: SEM images of two devices suspended above a triangular pit in the Si 
substrate before breaking; b) a close-up showing the connecting wire [25]. .............. 7 
 
Figure 2-3:  SEM images of the samples prepared at 3 KHz with different Δt values: a) 
Δt=9 s, d=26 nm; b) Δt=25 s, d=16 nm; c) Δt=42 s, d=7 nm; d) Δt=62 s, d= _1 nm *26+.
....................................................................................................................................... 8 
 
Figure 2-4: Nanogaps obtained by multilayer resist: (A) Optical micrograph showing 
an individual electrode structure. The initial electrode is labeled Au#1, and the 
electrode that was deposited second is labeled as Au#2. The scale bar is 50 m. (B) 
High resolution optical micrograph showing the interface between the two metallic 
electrodes, labeled Au#1 and Au#2. The scale bar is 20 m. (C) Scanning electron 
micrograph of the interface between the two metallic layers, labeled Au#1 and Au#2. 
The scale bar is 100 nm. (D) A similar scanning electron micrograph taken of an 
electrode pair on a second substrate fabricated using a multilayered resist to achieve 
a larger separation distance between two electrodes. The scale bar is 100 nm [15]. . 9 
 
Figure 2-5: Process flow for the fabrication of the nano-MIM structure: (1) 
patterning bottom electrode on a SiO2-coated silicon wafer by photolithography; (2) 
Ti/Au deposition and lift-off; (3) SiO2 deposition on the whole wafer by PECVD; (4) 
patterning top electrode by photolithography; (5) Ti/Au deposition and lift-off; (6) 
RIE of SiO2 from the surface of the bottom electrode [37]. ....................................... 10 
 
Figure 2-6: Nanogap fabrication by feedback-controlled electromigration [42]. Part A 
is a smooth curve indicating than the EM has not begun, whereas in Part B the 
resistance of the line increases irreversibly due to EM. Both Parts A and B are 
recorded in a single voltage biasing process, producing a final resistance of _120 Ω. 
At this point, the voltage was reduced to zero for some time. When the bias process 
was restarted in C, the wire resistance is the same, demonstrating that the EM 
process may be frozen by turning off the voltage. The inset shows the SEM 
micrograph of one of our devices. The scale bar in the inset is 2 m. Arrows indicate 
the progression of the curve. ...................................................................................... 11 
 
Figure 2-7: Conformation of DNA on Au nanoparticles before and after hybridization. 
Single-stranded DNA maintains an arch conformation, quenching fluorescence. After 
 vii 
hybridization, the DNA takes on a stiff rod-like conformation. The fluorophore is now 
sufficiently far away from the nanoparticle to eliminate quenching effects [48]. .... 13 
 
Figure 2-8: a) Schematic representation of the concept for generating aggregates, 
signaling hybridization of nanoparticle-oligonucleotide conjugates with 
oligonucleotide target molecules. b) Selective polynucleotide detection for the 
target probes with different mis-matched sequence [49]. ........................................ 14 
 
Figure 2-9: Schematic representation of variation of the field effect of the SiNW 
sensor: a) –c) illustrate the various hybridization sites [54]. ...................................... 15 
 
Figure 2-10: A single electron transistor made from a cadmium selenide nanocrystal 
[59]. ............................................................................................................................. 16 
 
Figure 2-11: Schematic of the electrical method to detect DNA [60]. ....................... 17 
 
Figure 2-12: DNA structure: (a) the double helix with its stacked base pairs in the 
core region; (b) detailed picture of the backbone (phosphate and sugars) and the 
four bases; Close-up of the two possible base pairs, including sugars and phosphates: 
guanine (G) paired with cytosine (C) by three hydrogen bonds; adenine (A) paired 
with thymine (T) by two hydrogen bonds [65]. .......................................................... 18 
 
Figure 2-13: Conduction in double-strand GC [71]. .................................................... 19 
 
Figure 2-14: I-V characteristics of DNA ropes: a) I-V curve taken for a 600-nm-long 
DNA rope. In the range of 620mV, the curves are linear; above this voltage, large 
fluctuations are apparent. b) I-V curve when the manipulation-tip is attached to both 
DNA ropes. The measured resistance drops to 1.4MQ. The longer DNA rope is 
~900nm long, but due to the narrow angle it forms with the shank of the 
manipulation-tip, it is difficult to judge the actual position of the contact. 
Nevertheless, it appears that the situation can be viewed as a parallel connection of 
two resistances, 2.5MQ for the 600-nm rope and 3.3MQ for the 900-nm rope 
accounting for the measured value [72]. ................................................................... 20 
 
Figure 2-15: Current-voltage curves measured at room temperature on a DNA 
molecule trapped between two Pt nanoelectrodes. The inserts are the schematic 
drawing of the setup and SEM image of the nanogap [73]. ....................................... 21 
 
Figure 2-16: Schematic of a DNA detector with a nanogap inside a nanofluidic 
channel. ....................................................................................................................... 22 
 
Figure 2-17: The tunneling microscope technique to measure thiol-DNA ................. 23 
 
 viii 
Figure 3-1: Fabrication of nanogaps by shadow evaporation: a) a 2nm Cr/40nm Au 
spacer deposited by optical lithography and evaporation; b) a 2nm Cr/20nm Au 
electrode deposited by optical lithography and 45° shadow evaporation; c) contact 
pads deposited by optical lithography and evaporation. ........................................... 28 
 
Figure 3-2: a) An optical image of an array of nanogaps; the scale bar is 400 m; b) a 
SEM image of the nanogap of the indicated box in a); c) zoom-in view of the dashed 
box in b); the scale bar is 200 nm; d) the step profile of the gap creating spacer at the 
dotted line in c) measured by atomic force microscope (AFM). ................................ 29 
 
Figure 3-3: Simulation of particle arrival around the step area from 2nd to 5th 
minute. ........................................................................................................................ 30 
 
Figure 3-4: Various nanogap sizes obtained by varying the metal spacer thickness: a) 
20 nm; b) 40 nm; c) 50nm. Scale Bars: 100 nm. ......................................................... 31 
 
Figure 3-5: Schematic of a) shorted electrode resulted by gold atom bridging and b) a  
nanogap with addition step of HF etching away about 10 nm oxide to provide a 
preferred spacer edge profile. .................................................................................... 32 
 
Figure 3-6: Schematic of process flow for device fabrication: a) 500 nm SiO2 on Si 
substrate; b) EBL and metallization to define the bowtie structure; c) optical 
lithography and metallization to deposit the bond pads. .......................................... 34 
 
Figure 3-7: Flow chart of feed-back controlled electromigration to fabricate 
nanogaps. .................................................................................................................... 35 
 
Figure 3-8: SEM images of a typical bow-tie structure a) before and b) after nanogap 
formation; Scale bars: 200 nm; c) a typical plot of feedback-controlled 
electromigration: current (I, red line) /conductance (G, black line) vs. applied bias. 
Multiple cycles of voltage ramp up/down are observed and the nanogap finally 
formed at very low bias 12 mV; d) the tunneling characteristics of the fabricated 
nanogap, which is estimated to be 1.1 nm. ................................................................ 36 
 
Figure 3-10: Typical I-V characteristics of a) nanogap formation: the conductance of 
the Au electrode (red triangle) slowly decreased due to Joule heating and 
electromigration and the electrodes finally broke down leading to a sub-2 nm 
nanogap at 1.07 V. The black square is the current passing through the electrode. 1 
V corresponds to 7000 s; b) the tunneling current of a 1.2 nm nanogap. c) SEM 
micrograph of a typical nanogap. ............................................................................... 39 
 
Figure 3-11: Nanogap size distribution. 40 samples are examined. ........................... 39 
 
 ix 
Figure 3-12: Series of SEM images showing the morphology of the electrode at 
various stages of the nanogap formation process via electromigration: a) a bowtie 
structure before electrical stressing; b) crack formation around the constriction side 
due to electromigration - image taken at 20% conductance drop; c) final nanogap 
formation, indicated by the dashed circle. Scale bar: 200nm. ................................... 40 
 
Figure 3-13: a) SEM image of a nanogap (the left-hand side is the anode side while 
the right is the cathode side); the dashed circle indicates the positions of 1-2 nm 
nanogap. b) AFM topography of the nanogap. The bright spots in the SEM image and 
AFM image are gold hillocks. Scale bars are 100 nm.................................................. 41 
 
Figure 3-14: a) Schematic of the atomic flux through the constriction; b) schematic 
plot of the temperature and electromigration flux. ................................................... 43 
 
Figure 3-15: a) Schematic plot of the current density J, dJ/dx and d2J/dx2 for various 
temperatures, T1 < T2 < T3 ; b) SEM images of nanogap structures at 298 K, 323 K and 
363 K (from top to bottom). The dashed lines show the mean positions of gold 
hillocks and gaps. It should be noted that large cracks of tens of nm are possibly due 
to the interplay of polygranular and transgranular electromigration, wire heating, 
and grain mobility [93]. Scale bar are 200 nm. ........................................................... 44 
 
Figure 4-1: a) A schematic of one-dimensional solvent diffusion and polymer 
dissolution; b) Schematic picture of the composition of the surface layer. .............. 48 
 
Figure 4-2: Optical image of PMMA dissolved in MIBK: IPA (1: 3) in the presence of 
electrical current. Scale bar: 400 m. ......................................................................... 50 
 
Figure 4-3: a) Schematic of dissolution acceleration by E-field. b) Optical image of 
PMMA pattern obtained. Large area dissolution occurred in a short duration (100 s). 
Scale bar: 400 m. ...................................................................................................... 51 
 
Table 4-1: Experimental Data for PMMA dissolution rate in p-xylene at various 
temperatures. ............................................................................................................. 53 
 
Figure 4-4: a) Plot of PMMA dissolution rate at various temperatures in p-xylene, b) 
corresponding Arrhenius plot. .................................................................................... 54 
 
Figure 4-5: a) PMMA coated butterfly structure, b) AC current applied to the 
electrode in the presence of p-xylene solvent; c) a self-aligned hole structure formed 
at the constriction site; d) nanogap fabrication by electromigration. ....................... 56 
 
Figure 4-6: AFM images of resulted patterns by selective dissolution. a) –d) 
dissolution time 15 s, 10 s, 15 s and 10 s respectively. Scale bars: 1 m .................... 57 
 
 x 
Table 4-2: Thermal conductivity of materials (W m-1 K-1) ........................................... 57 
 
Figure 4-7: a) Simulated temperature plot of solvent, PMMA and electrode layers 
from cold (blue) to hot (red) to demonstrate the general trend of heating profile; b) 
Temperature vs. position at the electrode plot for various pattern dimensions, the 
insert is a schematic drawing of the electrode. .......................................................... 58 
 
Figure 4-8: a) Metal nanowire patterned by EBL on SiO2/Si substrate, b) PMMA layer 
spun on the substrate; c) AC current applied to the electrode in the presence of p-
xylene solvent; d) PMMA surrounding the resistive nanowire is selectively dissolved 
away as the hot polymer dissolves rapidly to form a nanotrench pattern. ............... 60 
 
Figure 4-9: AFM topographical images of a) a typical PMMA coated Au nanowire and 
b) the resulting nanotrench pattern in PMMA film after selective dissolution with the 
line profiles along the indicated black lines.  Scale Bars: 5 m. c) Simulated 
temperature profile of the PMMA surface from cold (blue) to hot (red) to 
demonstrate heat confinement. d) & e) Temperature plots of the PMMA surface 
across and along the nanowire, respectively indicated as y and x directions in c). f) 
Calculated dissolved thickness vs. position across the nanowire (y-axis). ................. 62 
 
Figure 4-10: a) Schematic of Au Nanoparticles assembly by DNA hybridization; b) 
SEM image of nanoparticle assembly on the exposed nanowire. Scale bar: 200 nm. 63 
 
Figure 4-11: Optical images of PMMA coated a graphene device before (a) and after 
(b) selective dissolution. The insert in b) is the AFM height profile of the pattern 
indicated by the dotted line........................................................................................ 65 
 
Figure 4-12: Self-aligned formation of a nanogap with a conformal PMMA hole 
nanostructure. (Left) 3D View of the device before (A) and after (B) electrical 
stressing. (Right) Side View of the device formation process. i) PMMA expansion at 
the constriction site upon Joule heating; ii) Formation of a dome structure induced 
by a buckling event, and iii) Simultaneous formation of a sub-2 nm gap and a hole 
nanostructure by PMMA ablation. ............................................................................. 67 
 
Figure 4-13: a) Topography image of a self-aligned hole by AFM and the height 
profile of the PMMA hole structure.  b) Topography image of a PMMA protuberance 
by AFM and its height profile.  c) SEM micrograph of Au nanoparticles assembled at 
the nanogap templated by the PMMA hole. .............................................................. 69 
 
Figure 4-14: a)-d) A series of real time AFM images of a bowtie electrode coated with 
PMMA upon applying electric stressing.  A line profile along the bowtie and 
separation between peaks shows progressive PMMA reflow with time (Scale bars 
are 500 nm). ................................................................................................................ 70 
 
 xi 
Figure 4-15: A series of real time AFM images of a bowtie electrode coated with 
PMMA upon applying electric stressing: at a) t=0; b) t=87mins;c) t=110mins; d) 
t=125mins; e) t=138mins; f)final image t=139mins. ................................................... 71 
 
Figure 4-16: Illustration of gradual electromigration of Au at the constriction site 
used as the simulation geometry: a) before electromigration; b) crack formation 
leaving 60% of the original constriction width; c) 20% of the original width remaining, 
and d) formation of the nanogap after final breakdown. .......................................... 72 
 
Figure 4-17: a) Simulated temperature map of the PMMA layer indicating 
temperature transitions from hot (red color) to cold (blue color). b) The 
corresponding temperature profile of the PMMA surface at the constriction site. c) 
Temperature plots of the PMMA bottom layer (black square) and top surface (red 
triangle) vs. the portion migrated at the constriction site: 0% = no migration, and 
100% = final nanogap formation. The solid lines are fitted data and the dashed line is 
the boiling temperature of PMMA. The projected temperature of the PMMA is as 
high as 750 K at the bottom and 626 K at the surface. .............................................. 73 
 
Figure 4-18: Fabrication of a parallel polymer-protected sub-2 nm nanogap array: a) 
polymer coated pre-patterned electrode with a constriction in parallel. b) Obtained 
PMMA protected sub-2 nm nanogap array after electrical stressing. ....................... 75 
 
Figure 4-19: a) SEM image of a pre-patterned Au electrode array to be electrically 
stressed. Scale bar: 5 m. b) Electrical stressing of an array: 1 V corresponding to 
7000 s. The steps of conductance drop indicated the formation of nanogaps. The 
insert (left) is a SEM image of an obtained 1.2 nm nanogap, which dimension is 
estimated from the tunneling current as shown in the insert (right: Current (nA) v.s. 
Applied Bias (V)).  Scale bar: 100 nm. c) Topographical image of three self-aligned 
PMMA conformal holes in array by AFM and the height profile of the PMMA hole 
structure indicated by the arrow. The diameter of the PMMA hole is 150 nm (full-
width-at-half-maximum, FWHM). Scale bar: 2 m. ................................................... 76 
 
Figure 4-20: Topographical image of a PMMA protected bi-bowtie structure in 
parallel by selective dissolution.  The hole pattern is only formed at the lower 
constriction but not at the higher constriction site due to unequal resistance at the 
two sites. The insert is the height profile of the dotted line at the lower constriction. 
Scale bar: 4 m. .......................................................................................................... 77 
 
Figure 4-21: a) I-V characteristics of a bare nanogap and two nanogap with a self-
aligned conformal PMMA hole (200 nm and 2 m diameter) in 0.3 M PBS buffer; b) I-
V characteristics of a nanogap with a self-aligned conformal PMMA hole in 1M, 0.3M 
and 0.1M NaCl solution. Measurements are done at a voltage sweep rate of 5 mV/ 
50 ms. .......................................................................................................................... 79 
 
 xii 
Figure 5-1: Schematic of target DNA sensing by a detection system that comprises an 
oligonucleotide-modified nanogap and Au nanoparticles. The helix schematic 
illustrates the DNA linker to immobilize the Au nanoparticle to Au surface (interfaces 
indicated by the dotted square). ................................................................................ 82 
 
Figure 5-2: a) Random occurrences of nonspecific Au nanoparticle binding, using 
mismatched target (5’- GCG ACG ATC AGC AGT ACG CCA TGG-3’). b) Au nanoparticle 
assembly with complementary Target (5’-ATT AGG CAC AGC CGA CTA GCA TAT-3’). 
Scale bar: 100 nm. ....................................................................................................... 83 
 
Figure 5-3: a) & c) SEM pictures of a nanogap after Au nanoparticle assembly by DNA 
hybridization, scale bar: 100 nm; b) & d) IV characteristics of a nanogap before and 
after DNA hybridization. ............................................................................................. 85 
 
Figure 5-4: a) I-V characteristics of the nanogap before and after DNA hybridization 
in the presence of Au nanoparticles in a 0.3 M buffer solution. Measurements are 
done at a voltage sweep rate of 5 mV/ 50 mS. b) SEM image of a nanogap showing 
nanoparticle assembly in the vicinity of the nanogap electrodes upon DNA 
hybridization.  Note that the PMMA layer is removed by oxygen plasma for high 
resolution SEM image and the dashed red circle indicates the approximate position 
of the original PMMA hole structure. Scale bar is 100 nm. ........................................ 87 
 
Figure 6-1: Self-complementary 8 base-pair DNA sequence with thiol-modification at 
two ends. The diameter of the double-strand is 2.2 nm and each base pair is 0.34 nm 
in length [151]. ............................................................................................................ 90 
 
Figure 6-2: a) Schematic of circuit for dsDNA electrical trapping. Applied bias is 2 V. 
100 MΩ is the series resistor to limit the electric field after the capture of one dsDNA 
to avoid multiple trapping events. b) In situ monitoring of dsDNA trapping: a typical 
Conductance vs. Time curve of dsDNA trapping. The step conductance increase 
indicated successful capturing of a dsDNA . ............................................................... 92 
 
Figure 6-3: a) Schematic of direct dsDNA conductance measurement. The DNA 5’-SH-
(GC)4-3’ is self-complementary. Once it is trapped, the dsDNA is then immobilized to 
the nanogap electrode by thiol-gold bonding and formed a bridge between the 
nanogap so that it is possible to measure the conductance of the dsDNA in solution. 
b) I-V characteristics of a dsDNA molecule in PBS buffer solution. The applied bias is 
from -200 mV to 200 mV at a ramp rate of 5 mV/ 50 ms. .......................................... 93 
 
Figure 6-4: a) I-V characteristics of a dsDNA molecule in PBS buffer solution when 
captured (blue), deionized water (red) and dry state (black). b) IV plot of a) without 
dsDNA conductance in buffer solution. ...................................................................... 94 
 
Figure 6-5: dsDNA conductance distribution. 15 samples were measured. .............. 95 
 xiii 
 
Figure 6-6: Schematic of a) ds DNA adopts a stiff rod-like conformation and bridges 
the nanogap and b) single strands become tangled upon denaturation due to 
melting. ....................................................................................................................... 96 
 
Figure 6-7: Melting temperature calibration of DNA duplexes The absorbance was 
recorded at 0.5 ℃ intervals using a hold time of 1 minute at each temperature. .... 96 
 
Figure 6-8: Schematic to show the experimental set up of in situ melting of trapped 
DNA in buffer solution. ............................................................................................... 97 
 
Figure 6-9: In situ conductance measurement of dsDNA melting process. Applied 
Bias was 0.1 V. A step-like conductance drop was observed due to denaturing of the 
helix structure. ............................................................................................................ 98 
 
Figure 6-10: Gold corrosion after dsDNA trapping process. ....................................... 99 
 
Figure 6-11: Schematic of a) the nanogap fabricated by electromigration; b) voltage 
bias setup in DNA trapping; c) possible reactions in thiol-DNA attachments to Au 
surface. R: general symbol for ligands. ..................................................................... 100 
 
Figure 6-12: a) Schematic of voltage bias setup in dsDNA trapping; b) a SEM image of 
a bare Au electrode after dsDNA trapping. The film deposited at the cathode side 
should be dsDNA; c) Possible reactions in thiol-DNA attachments to Au surface. R: 






Chapter 1 Introduction 
1.1 Background 
Much effort has been devoted to the field of nanotechnology as it opens up 
doors to a whole range of exciting discoveries in multiple disciplines, such as physics, 
chemistry and life sciences. Molecules and nanomaterials are being increasingly used as 
functional materials in electronic devices that exploit their unique properties.  As early 
as 1974, the very first molecule rectifier was demonstrated by Aviram and Ratner [1]. An 
electric-field controlled molecular shuttle switch has been demonstrated using catenane 
[2]. Nanomaterials, such as Si nanowires [3], carbon nanotubes [4], graphene [5] and 
gold nanoparticles [6], have also played important roles in the evolution of electronic 
devices.   
Due to extreme small size, connecting nano-objects to the macroscopic world 
could be very problematic. One typical approach is to make top-contact junctions, which 
is mainly done by scanning probe microscopy, such as scanning tunneling microscopy 
(STM) [7][8] and conducting atomic force microscopy [9]. However, on-chip electrical 
connection of nano-objects is in fact preferred due to the complexity of a scanning 
probe setup. Devices based on metal/molecule/metal configuration with on-chip 
electrodes are more desirable and promising. Hence, nanogap devices, which have a 
pair (pairs) of electrodes with nanoscale spatial separation, are promising candidates for 
molecular electronics. A single-molecule transistor has been reported using a nanogap 
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by Liang et al. [10]. Coulomb blockade and Kondo effect have been observed with a 
single atom bridged across a 1-2 nm nanogap [11]. Direct conductance measurements of 
DNA [12] and nanoparticles in nanogaps have been reported [13].  
One major application of nanogap devices is DNA sensing. Compared with 
fluorescence-based optical detection of DNA [6], electrical detection schemes using 
nanogaps are label-free and capable of rapidly detecting minuscule quantities of 
molecules [14]. Park et al. demonstrated DNA detection by gold nanoparticle assembly 
to nanogap electrodes leading to conductance change [15]. A few other groups also 
demonstrated DNA sensing using a similar approach [16][17].  
 
1.2 Motivation 
It is noted that in DNA sensing using nanogaps mentioned above, silver 
amplification is required due to the relatively large nanogap size. In this project, effort is 
expended on the development of a reliable, reproducible fabrication process for sub-50 
nm nanogaps. 
In addition, molecular sensing through electrical measurement is often, if not 
always, preferably carried out in an aqueous environment of high ionic strength, such as 
DNA sensing through nanowire conductance change [18]. A major challenge here is that 
the inevitable ionic current through the parallel conduction path via the electrolyte 
between exposed electrodes tend to interfere with the desired current signal. Hence, an 
insulation layer on the electrode with an opening at the position of nanogap (sensing 
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part) is desired. Efforts have been devoted to find a “self-aligned process” to create a 
hole in the insulation layer right at the position of the nanogap.  
The main objective of this project involves fabricating polymer-protected 
nanogap devices with self-aligned approaches for biosensing applications in an aqueous 
environment. The devices obtained are used for DNA sensing in aqueous solution with 
high ionic concentrations and for in situ DNA capture and conductance measurement. 
 
1.3 Organization of thesis 
This thesis is organized as seven chapters, with the first chapter being the 
introduction. 
Chapter 2 covers a literature review on the methods for nanogap fabrication, 
DNA sensing, and DNA conductance measurement.  
In Chapter 3, techniques for sub-50 nm nanogap fabrication and experimental 
procedures are presented.  
Chapter 4 reports self-aligned techniques to fabricate polymer-protected 
nanogap devices by selective polymer dissolution and local polymer ablation. The device 
obtained exhibits the ability to greatly reduce background ionic current through the 
electrolyte.  
DNA sensing by oligonucleotide-modified-Au-nanoparticle assembly in both dry 
and wet states is presented in Chapter 5. 
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Chapter 6 describes the preliminary studies on in situ capture of single-DNA 
duplex strand and its conductance measurement in near-physiological conditions. It is 
found that the DNA double strand demonstrates ohmic-like conductance and the 
conductance drops upon melting of the double strand.  
Chapter 7 summarizes the accomplishments of this project and provides 
recommendations for future work. 




Chapter 2 Literature Review  
2.1 Methods of nanogap fabrication 
Nanogap electrodes play an important role in the study of material properties at 
the nanometer scale, especially at the molecular scale. To date, different methods have 
been demonstrated to produce nanogap electrodes. These methods include: 1) direct 
patterning by lithographical approaches; 2) break junctions by mechanical deformation 
of pre-patterned electrodes; 3) electrochemical and chemical deposition; 4) angled 
shadow evaporation; 5) sacrificial etching; and 6) electrical breakdown method.   
Electron beam lithography (EBL) is a high resolution but rather slow technique 
for the formation of nanogaps. Researchers have demonstrated sub-5 nm nanogap 
fabrication by careful control of the process parameters [19-21]. Figure 2-1 shows 
topographical images of typical nanogaps. The resolution of the nanogap size depends 
on the exposure and development of the resist. The process must be precisely 
controlled to provide high yield of nanogaps. In Ref [20], the variation of development 
temperature was controlled within 0.2 °C. Indeed, EBL is an expensive and slow 
technique that writes pattern in a serial manner, which is not the best option for large-
scale production of devices.  
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Figure 2-1: AFM images of the narrow gap electrodes show the distances [19]: (a) 8 nm, (b) 4 nm, (c) ~3 
nm and (d) ~2 nm.  
 
The mechanical controllable break (MCB) junction was first introduced by 
Moreland and his co-workers to form an electron tunneling junction [22]. Reed et al. 
then demonstrated the fabrication of nanogap electrodes and study of single molecule 
properties using this technique [23][24]. Zhou et al. also demonstrated a break junction 
in suspended gold electrodes; SEM images of the device are shown in Figure 2-2 [25]. By 
bending the substrate, one can break the bridge and then adjust the spacing between 
the resulting electrodes by an ultrafine piezoelectric component. Although the MCB 
method is very useful for fundamental investigations, such as electronic transport at the 
molecular scale, the complicated set-up is not favorable for integrated molecular device 
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fabrication because of the constraint of needing piezoelectric components. It also 
appears to be difficult to controllably fabricate relatively large gaps.  
 
Figure 2-2: SEM images of two devices suspended above a triangular pit in the Si substrate before 
breaking; b) a close-up showing the connecting wire [25].  
 
Electrochemical and chemical deposition methods start with conventional 
lithographically defined gaps followed by gap narrowing to the required nanometer 
spacing by depositing specific atoms from an electrolyte solution onto the 
lithographically defined electrodes. Qing et al. [26] and Visconti et al. [27] have achieved 
various nanogap spacing by controlling the electrodepostion time. Monitoring the 
feedback signal from the nanogap has been reported to control the nanogap spacing 
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[28-29]. Tao’s group achieved atom-size gaps with quantum conductance, fabricated 
with an electrochemical method based on a built-in self-termination mechanism [30]. 
This method can conveniently prepare gaps that range from several angstroms to 10 nm, 
which is good for fitting molecules of various sizes. However, it is a fairly non-uniform 
process and thus requires individual treatment of each gap to achieve desired gap sizes. 
 
Figure 2-3:  SEM images of the samples prepared at 3 KHz with different Δt values: a) Δt=9 s, d=26 nm; b) 
Δt=25 s, d=16 nm; c) Δt=42 s, d=7 nm; d) Δt=62 s, d= _1 nm [26]. 
 
 
  Creative optical lithographic solutions have been devised for the fabrication of 
nanogaps by combining with shadow evaporation. Sub 10-nm nanogaps can be 
reproducibly fabricated by angled-evaporation [31][32], multilayer resists [33] or by 
using carbon nanotubes as a shadow mask [34]. In one approach, shown in Figure 2-4, 
the first lead (Au #1) is patterned via optical lithography followed by coating the lead 
with a self-assembled monolayer. This self-assembled monolayer (SAM) serves as a mask 
to prevent electrical contact when a second lead (Au #2) is overlapped. The length of the 
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SAM molecule was used to tune the gap size. This method can generate uniform 
nanogaps on a large scale for manufacturing purposes.   
 
Figure 2-4: Nanogaps obtained by multilayer resist: (A) Optical micrograph showing an individual 
electrode structure. The initial electrode is labeled Au#1, and the electrode that was deposited second is 
labeled as Au#2. The scale bar is 50 m. (B) High resolution optical micrograph showing the interface 
between the two metallic electrodes, labeled Au#1 and Au#2. The scale bar is 20 m. (C) Scanning 
electron micrograph of the interface between the two metallic layers, labeled Au#1 and Au#2. The scale 
bar is 100 nm. (D) A similar scanning electron micrograph taken of an electrode pair on a second substrate 
fabricated using a multilayered resist to achieve a larger separation distance between two electrodes. The 
scale bar is 100 nm [33]. 
 
  The sacrificial etching process is also commonly combined with optical 
lithography to provide nanogaps, especially in a plane normal to the substrate rather 
than in a planar configuration [35][36]. Gao et al. recently reported wafer-scale 
fabrication of nanogaps and successfully used the nanogaps for DNA detection [37] as 
illustrated in Figure 2-5. This type of approach involves the creation of metallic wires 
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(which serve as one lead), followed by deposition of a sacrificial SiO2 layer. A second 
deposition step defines the other metallic lead. Etching of the SiO2 interlayer results in 
the formation of a nanogap in a plane normal to the substrate. The use of optical 
lithography and the uniformity of gap sizes may allow these techniques to be transferred 
to a manufacturing environment.  
 
Figure 2-5: Process flow for the fabrication of the nano-MIM structure: (1) patterning bottom electrode 
on a SiO2-coated silicon wafer by photolithography; (2) Ti/Au deposition and lift-off; (3) SiO2 deposition on 
the whole wafer by PECVD; (4) patterning top electrode by photolithography; (5) Ti/Au deposition and lift-
off; (6) RIE of SiO2 from the surface of the bottom electrode [37].  
 
  Electromigration is the motion of atoms due to momentum transfer from 
conduction electrons in an applied electric field, and has long been considered as a 
major failure mode in microelectronic circuitry. In recent reports, electromigration, if 
controlled properly, can be used for nanogap fabrication. In this method, thin metallic 
wires are pre-patterned with a constriction (narrow neck section) by lithography. 
Electrical stressing is then performed on these wires to induce electromigration that 
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results in the formation of nanogaps [20-27]. As the current density increases in the 
narrow section of the wire, atoms begin to migrate and eventually form defects. Failure 
in gold wires has been seen at current densities of 1.1 x 108 – 5.0 x 108 A/cm2 [38][39]. 
Electromigration has been performed at very low temperatures [38], room temperature 
[40], and at elevated temperature [41]. This process can yield a stable electrode 
separation of 1 nm and it can be monitored in real time by observing the current–
voltage characteristics until only a tunneling current remains [40]. Increased control over 
the electromigration has been achieved by using feedback as illustrated in the typical IV 
curve shown in Figure 2-6 [24-27]. Nanogaps generated by electromigration are not 
perfectly uniform due to the random nature of the process.  
 
Figure 2-6: Nanogap fabrication by feedback-controlled electromigration [42]. Part A is a smooth curve 
indicating than the EM has not begun, whereas in Part B the resistance of the line increases irreversibly 
due to EM. Both Parts A and B are recorded in a single voltage biasing process, producing a final 
resistance of _120 Ω. At this point, the voltage was reduced to zero for some time. When the bias process 
was restarted in C, the wire resistance is the same, demonstrating that the EM process may be frozen by 
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turning off the voltage. The inset shows the SEM micrograph of one of our devices. The scale bar in the 
inset is 2 m. Arrows indicate the progression of the curve. 
 
2.2 DNA Sensing 
Detecting sequence-specific DNA is critical to the diagnosis of genetic and 
pathogenic diseases [46]. Detection of sequence-dependent DNA hybridization based on 
fluorescence signals has been reported [47]. Maxwell et al. [6] found that the 
fluorescently tagged single-stranded oligonucleotides adopted an arch conformation on 
a Au nanoparticle surface and the fluorescence is completely quenched. When a 
complementary DNA hybridizes to the nanoparticle- oligonucleotide, the double helix 
adopts a rigid-rod conformation and orients perpendicular to the nanoparticle surface. 
The tail group is then separated from the nanoparticle and the fluorescence signal is 
detected, indicating the presence of a specific strand of DNA (the DNA complementary 
to the strand attached to the nanoparticle) (Figure 2-7).  
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Figure 2-7: Conformation of DNA on Au nanoparticles before and after hybridization. Single-stranded DNA 
maintains an arch conformation, quenching fluorescence. After hybridization, the DNA takes on a stiff 
rod-like conformation. The fluorophore is now sufficiently far away from the nanoparticle to eliminate 
quenching effects [6]. 
 
Mirkin’s group demonstrated that DNA detection could be achieved by observing 
the change in optical properties of oligonucleotide-modified-nanoparticle complexes 
[48]. By linking nanoparticles with specific DNA, a polymeric network of closely-packed 
nanoparticles exhibits different color from the original color (Figure 2-8a). A DNA with 
mismatched base pairs has different melting temperature compared with a fully 
complementary DNA [49]. By controlling the temperature during hybridization, the 
resulting polymeric Au nanoparticle/polynucleotide aggregate triggers a red to purple 
color change in solution depending on the extent of aggregation (Figure 2-8).  
 14 
 
Figure 2-8: a) Schematic representation of the concept for generating aggregates, signaling hybridization 
of nanoparticle-oligonucleotide conjugates with oligonucleotide target molecules. b) Selective 
polynucleotide detection for the target probes with different mis-matched sequence [48].  
 
 Electronic detection methods based on nanowire/nanotube field effect 
transistors as DNA sensors have been reported and have shown great promise in high 
sensitivity detection and suitability for large-scale manufacturing [33-35]. Zhang et al. 
have successfully detected mismatched DNA by the field-effect response [53]. By 
controlling hybridization sites of the DNA attached on the nanowire, the location of the 
charge layer generated leads to different nanowire conductance, thereby providing 
distinguishable signals (Figure 2-9). Hahm et al. have achieved impressive DNA detection 
sensitivity in the tens of femtomolar range on a Si nanowire transistor [54]. While 
introducing DNA samples to PNA-modified Si nanowire, conductance measurements 
show a time-dependent conductance increase consistent with the PNA-DNA 
hybridization and enabled identification of fully-complementary versus mismatched 
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DNA samples. It should be noted that PNA was chosen to produce ultralow background 
electric charges as PNA is neutral and does not require high ionic strength solution for 
hybridization. 
 
Figure 2-9: Schematic representation of variation of the field effect of the SiNW sensor: a) –c) illustrate 
the various hybridization sites [53].  
  
2.3 Nanogap Applications 
With the integration of nanogap electrodes, researchers are able to study the 
properties of molecules [55], polymers [56], and carbon nanotubes [57]. Klein el al. 
demonstrated a single electron transistor based on nanocrystal-in-nanogap device [58]. 
The nanogaps were obtained by optical and electron-beam lithography coupled with 
shadow evaporation, followed by deposition of 5.5 nm diameter CdSe nanocrystals 
using chemical directed assembly. The device enables direct tuning of number of charge 
carriers on the nanocrystal and hence the measurement of the energy required for 
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adding successive charge carriers. Their findings are essential in understanding the 
energy-level spectra of small electronic systems. 
 
Figure 2-10: A single electron transistor made from a cadmium selenide nanocrystal [58].  
 
Nanogaps have also been intensively use for DNA sensing. Mirkin’s group has 
further exploited the DNA sensor following the detection method mentioned in Section 
2.2 based on conductance measurements [15]. In their approach, a small array of 
microelectrodes with gaps (20 m) between the electrode leads is constructed, and 
probe DNA strands are immobilized on the substrate between the gaps. The 
complementary target DNA is used to link the oligonucleotide-modified Au nanoparticle 
between the gap electrodes. After a silver amplification process, the resistance of the 
gap drops significantly (Figure 2-11). Similar approaches have also been demonstrated 
by Cheng et al. [59] and Moreno-Hagelsieb et al.[17]. The detection sensitivity reported 
is 1 nM and 200 fM, respectively.  
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Figure 2-11: Schematic of the electrical method to detect DNA [15].  
 
2.4 DNA Conductance 
A DNA double helix has a diameter of 2.2 nm and its length is adjustable by 
varying the number of base pairs, while each base pair is 3.4 Å in length [60]. The stable 
geometric structure, unique assembly properties, and four-base (guanine G, cytosine C, 
adenine A, and thymine T) combinations open up interesting possibilities for nanodevice 
engineering [61].  
In theory, the hybridization of z orbitals in double-stranded DNA could lead to 
conducting behavior [62]. However, there are two inherent complications arising from 
the ionic environment where DNA hybridization occurs, and from the instability of the 
helix structure. The negative phosphate groups on the backbone of the DNA require a 
proximate condensation of positively charged counter ions in the aqueous solution. 
Hence, it is insufficient to simply consider the DNA molecule itself but one must also 
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consider the surrounding counter ions and water molecules. Furthermore, the DNA helix 
may denature at temperatures above the melting temperature.  
 
Figure 2-12: DNA structure: (a) the double helix with its stacked base pairs in the core region; (b) detailed 
picture of the backbone (phosphate and sugars) and the four bases; Close-up of the two possible base 
pairs, including sugars and phosphates: guanine (G) paired with cytosine (C) by three hydrogen bonds; 
adenine (A) paired with thymine (T) by two hydrogen bonds [62].  
 
Many groups have attempted to measure and model the conductance of DNA 
double strands. However, the reported characteristics of DNA vary from insulating [63], 
semiconducting [64] to conducting [65], and even superconducting [66]. It is reported by 
Meggers et al. that the charge transport in a DNA duplex has a strong dependence of 
the hole transfer rates to G bases [67]. They reported that in double-stranded DNA 
conduction, an electron ‘hole’ passes from a G in a (GC) base pair (red) to another G by 
way of superexchange, jumping over two intermediate (AT) pairs (blue). The rate of hole 
transfer k is shown in Figure 2-13a. In Figure 2-13b, the superexchange transports the 
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hole twice as far, but the transfer is 100 times as slow; whereas in Figure 2-13c, two 
short superexchange hops by way of an intermediate G cover the same distance as in b, 
but as quickly as in a. The transfer from one G to the next occurs coherently 
(superexchange), but the transport over several G bases occurs incoherently (hopping). 
 
Figure 2-13: Conduction in double-strand GC [68].  
 
  Fink et al. have measured 600 nm and 900 nm DNA ropes using a tungsten 
manipulation-tip in a low-energy electron point source (LEEPS) microscope [69]. The 
measured resistances are in range of a few MΩ as shown in Figure 2-14. They reported 
that the resistivity values measured are comparable to those of conducting polymers, 
and indicate that DNA transports electrical current as efficiently as a good 
semiconductor. In their proposed conduction mechanism, ionic conduction can be ruled 
out as the experiments were done in a vacuum environment and the water used to 
dissolve and subsequently deposit the DNA molecules should evaporate or sublimate 
long before the measurement. Moreover, there were no reservoirs supplying ions for 
ionic conduction. Thus the intrinsic conduction mechanism must be of an electronic 
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nature. Any molecule attached to the DNA by an ionic or covalent bond might in 
principle affect the electronic structure, and hence the conductance of the DNA 
molecules.  
 
Figure 2-14: I-V characteristics of DNA ropes: a) I-V curve taken for a 600-nm-long DNA rope. In the range 
of 620mV, the curves are linear; above this voltage, large fluctuations are apparent. b) I-V curve when the 
manipulation-tip is attached to both DNA ropes. The measured resistance drops to 1.4MQ. The longer 
DNA rope is ~900nm long, but due to the narrow angle it forms with the shank of the manipulation-tip, it 
is difficult to judge the actual position of the contact. Nevertheless, it appears that the situation can be 
viewed as a parallel connection of two resistances, 2.5MQ for the 600-nm rope and 3.3MQ for the 900-
nm rope accounting for the measured value [69].  
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Porath et al. have achieved direct measurements of a single DNA helix using a 
nanogap device [12]. Poly-(GC) double stranded DNA of 10.4 nm in length (30 bases) was 
measured to be a wide band-gap semiconductor. The DNA molecule was trapped 
between an 8 nm suspended nanogap and its conductance was measured in both air 
and vacuum condition, and showed similar IV characteristics (Figure 2-15). They 
reported that the charge carrier transport is mediated by the molecular energy bands of 
DNA, which is supported by a peak structure in the voltage dependence of the 
differential conductance.  
 
Figure 2-15: Current-voltage curves measured at room temperature on a DNA molecule trapped between 
two Pt nanoelectrodes. The inserts are the schematic drawing of the setup and SEM image of the nanogap 
[12].  
 
Moreover, Chou’s group has detected the presence of 1.1 kilobase-pair double 
stranded DNA in solution by monitoring the electrical signal from its short axis 
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(perpendicular to the DNA backbone) when flowing through a 9 nm nanogap [70]. The 
device consists of a long nanofluidic channel to stretch a DNA strand and a nanogap 
detector inside the channel to measure the electrical conduction as it moves through 
the gap (Figure 2-16).  
 
Figure 2-16: Schematic of a DNA detector with a nanogap inside a nanofluidic channel. 
 
Another approach to study DNA conductance is a tunneling microscopy 
technique demonstrated by Nichols et al. [71] and Xu et al. [72]. This method uses a gold 
STM tip to pick up individual thiol modified DNA molecule and form a metal (Au tip)-
DNA-metal (Au substrate) configuration (Figure 2-17a).  Figure 2-17b is the current vs. 
time result of attachment and detachment of the molecule to the STM gold tip. Direct 
measurements of single- and double-stranded structures in both air and electrolyte have 
been achieved but unfortunately the charge transport mechanism is still unclear. 
 23 
 
Figure 2-17: The tunneling microscope technique to measure thiol-DNA [71].  
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Chapter 3 Nanogap Fabrication 
Among the reviewed approaches for sub-10 nm gaps fabrication, shadow 
evaporation combined with conventional lithography techniques gained attention for 
simplicity of process and its applicability in wafer-scale manufacturing [73][74].  The 
electromigration technique can yield sub-2 nm gaps not easily attainable by other 
methods [31]. Importantly, feedback-controlled electromigration has been shown to 
achieve consistent nanometer-spaced electrodes for single-molecule devices [42][44]. In 
this method a single wire with a bowtie constriction is first fabricated and current is 
then passed through the wire to open a gap at the constriction.  The applied voltage is 
controlled by a program as a function of the conductance drop.  The gap opens through 
an electromigration mechanism. Moreover, researchers have reported in situ imaging of 
the electromigration process by scanning electron microscopy (SEM) [76] and 
transmission electron microscopy (TEM) [75] [77].  
In this chapter, three techniques are presented to fabricate nanogap devices in a 
repeatable and controllable manner. Shadow evaporation is explored for its process 
simplicity and to fabricate multiple nanogaps at the same time. The other two 
techniques involve nanogap formation by electromigration in continuous electrodes 
with pre-patterned constrictions. As reviewed in Section 2.1, the electromigration 
techniques hold the promise of extremely high resolution with sub-2 nm gaps realizable. 
Due to its reliance on electrical current, by parallel connection of arrays of devices, the 
formation of many gaps could then be achieved in a manner suitable for manufacturing.  
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In the following sections, experimental procedures with process details and 
results for nanogap formation are presented. Advantages and disadvantages of each 
technique are discussed. Emphasis is placed on the understanding and control of 
nanogaps formed via electromigration.  
 
3.1 Experimental Procedure 
The substrate used in this project is p-type (1 0 0) silicon wafer with 500 nm 
thermally grown silicon oxide, which is diced into 7 mm X 7 mm squares. Cleaning steps 
consist of 15 mins ultrasonic agitation in acetone and followed by isopropanol (IPA) to 
ensure that the wafers are free from particulate contamination. RCA cleaning steps 
often used to remove the oxide layer and metallic contaminants is not required in our 
work.   
950K Polymethyl methacrylate (PMMA) is the positive resist used for electron 
beam lithography. The original concentration of PMMA is 6% in chlorobenzene.  3% and 
2% PMMA were obtained by diluting the 6% PMMA with methyl isobutyl ketone (MIBK) 
with the volume ratio 1:1 and 1:2, respectively. AZ1512 was the positive photoresist 
used for optical lithography.   
The resist was spun onto the substrates at 6000 rpm for 60s. PMMA coated 
samples were baked in an oven at 120 ℃ for 20 mins in order to evaporate the 
remaining solvent and to improve the adhesion of the resist to the substrate. The 
resulting thickness measured is about 100 nm, 200 nm and 700 nm for the 2%, 3% and 
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6% PMMA, respectively. AZ1512 coated samples were baked at 90 ℃ for 20 mins and 
the resulting thickness is about 1 m. 
Electron beam lithography (EBL) was carried out using a Philips XL 30 Field 
Emission Gun SEM (operating at 30keV) with a Raith Elphy pattern generator. Using a 
base dosage of 200 C/cm2, the actual dose used was multiplied by a factor ranging 
from 1.3 to 2 for pattern exposure in this work.  After exposure, the sample was 
developed for 60 s in 1:3 MIBK:IPA. The exposed resist has lower molecular weight and 
greater solubility, and is thus dissolved. A larger dose factor should be used when 
exposing smaller patterns due to reduced proximity effects.   
The optical exposure system is a home-made contact lithography setup using UV 
LEDs as the light source. The optical chromium glass mask was designed using Cadence 
and manufactured by a commercial vendor. The development time in AZ developer was 
50 s. Second-layer optical lithography can be done by alignment with the assistance of a 
microscope.  
The metal layers were deposited by thermal evaporation using a BOC Edwards, 
Auto 306 Vacuum Evaporator. A good vacuum, at least 2X10-6 mbar, is necessary to 
improve the quality of the gold pads. A thin layer of chromium (Cr) was used before gold 
evaporation for improved adhesion on SiO2. When depositing thick metal layers that 
need a long evaporation time, the process should be carried out with short evaporation 
cycles interleaved with cooling periods. Otherwise, the resist may melt (PMMA) or 
harden (AZ photoresist) leading to difficulties in the lift-off process.   
 27 
Lift-off was done by soaking in acetone for 30 mins followed by gentle rinsing. 
Short cycles of ultrasonic agitation were used where necessary, noting that ultrasonic 
agitation of long duration may lead to the metal layers peeling off. 
 The sample was bonded to a 24-pin dual in line (DIP) package for external 
electrical connections using a K&S Thermosonic wire bonder with 25 m thick gold wires. 
Thermosonic bonding uses a combination of ultrasonic energy, temperature and 
pressure to form the bonds on gold surface 1.  
 
3.2 Shadow Evaporation 
Nanogap formation by shadow evaporation simply requires conventional 
lithography and evaporation steps. The dimension of the nanogap (gap spacing, 
nanogap electrode width, and electrode thickness) is tunable by controlling the process 
parameters, such as the spacer thickness, evaporation angle as well as the optical mask 
dimension.  
A schematic illustrating the fabrication of a nanogap device is shown in Figure 
3-1. A 2 nm-thick Cr / 40nm-thick Au strip was delineated by optical lithography and 
thermally evaporated. This acts as a shadow mask for the subsequent shadow 
evaporation step (Figure 3-1a). Electrodes with various dimensions were then patterned 
by optical lithography and followed by shadow evaporation with 2 nm Cr and 20 nm Au 
                                                 
1 Common parameter settings used in this work are Force (2~4), Power (0.5~1) and Temperature (80℃). 
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(Figure 3-1b). This was followed by another cycle of optical lithography and evaporation 
to define large contact pads (400 m x 400 m) (Figure 3-1c).  
 
Figure 3-1: Fabrication of nanogaps by shadow evaporation: a) a 2nm Cr/40nm Au spacer deposited by 
optical lithography and evaporation; b) a 2nm Cr/20nm Au electrode deposited by optical lithography and 
45° shadow evaporation; c) contact pads deposited by optical lithography and evaporation. 
 
Following the above processes, nanogaps in arrays of Au electrodes were formed 
with well-controlled dimensions. Figure 3-2a shows a 50x optical microscope picture of 
the fabricated chip with parallel nanogap devices. Figures 3-2b and c show SEM images 
of a nanogap in detail. A topographical image is also presented in Figure 3-2d to show 
the metal spacer creating a step in the device. 
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Figure 3-2: a) An optical image of an array of nanogaps; the scale bar is 400 m; b) a SEM image of the 
nanogap of the indicated box in a); c) zoom-in view of the dashed box in b); the scale bar is 200 nm; d) the 
step profile of the gap creating spacer at the dotted line in c) measured by atomic force microscope (AFM). 
 
The topography of the electrode deposited by angled evaporation is rather 
rough as observed in the experiments. Simulation was done using the Silvaco Athena- 
ELITE module to demonstrate the phenomenon. A Monte Carlo model is used to 
simulate particles arriving on the substrate. In this case, the arrival angle is set to 45° 
and the sticking coefficient is 1. A total of 105 particles was simulated. The step height is 
set at 50 nm in this simulation and the gap obtained should be 50 nm. The experimental 
results show that the gap obtained using these parameters is about 40 nm, which is due 
to less-than-perfect alignment of the sample above the evaporation source. From the 
simulation results (Figure 3-3), it is observed that as deposition continues, the film 
becomes more continuous. The deposition thickness near the step is observed to be 
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thinner than that further away from the step, and the electrode is rather rough, which is 
consistent with experimental observations. The surface roughness is due to shadowing 
effects from gold atoms on surface blocking the non-normal incident atom flux [78].  
 
Figure 3-3: Simulation of particle arrival around the step area from 2nd to 5th minute.  
 
 The thickness of the spacer was varied to demonstrate controllable nanogap 
sizes. Using spacers of 20 nm, 40 nm and 50 nm in thickness, the nanogaps obtained 
using 45° shadow evaporation are shown in Figure 3-4. Changing the shadow 
evaporation angle could also be used to change the nanogap spacing.   
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Figure 3-4: Various nanogap sizes obtained by varying the metal spacer thickness: a) 20 nm; b) 40 nm; c) 
50nm. Scale Bars: 100 nm. 
 
The optically-defined electrodes with nanogaps have a width (the effective width 
of the nanogap) varying from 5 m to 100 m, which is much larger than the spacing of 
the nanogap (tens of nm) providing a large stretch of nanogap at the sensing part. This 
local geometry is preferred compared to other nanogap fabrication processes that yield 
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a very small sensing area. For example, the effective sensing area in an electrode 
fabricated using EBL and electromigration is estimated to be only 20 nm x 20 nm (width 
x spacing) [79], while our nanogap stretches up to 100 m x 20 nm. In sensing 
applications this could be an advantage because there is a much higher chance for our 
device to capture at least one molecule than for a nanogap having a small effective area, 
which may give higher sensitivity or speed, albeit with higher noise levels. 
With this technique, it is possible to control the nanogap spacing by tuning the 
process parameters such as evaporation angle and the metal island thickness. However, 
it is difficult to get nanogap sizes of less than 10 nm as gold atoms sometimes bridge the 
spacer and the electrode leading to a shorted electrode in the evaporation step (Figure 
3-5a). A hydrofluoric acid treatment to slightly etch away the oxide under the spacer 
after spacer evaporation might be helpful in avoiding such shorts (Figure 3-5b).  
 
Figure 3-5: Schematic of a) shorted electrode resulted by gold atom bridging and b) a  nanogap with 
addition step of HF etching away about 10 nm oxide to provide a preferred spacer edge profile. 
 
3.3 Feedback-Controlled Electromigration 
Electromigration of metal ions occurs in response to the momentum carrying 
electrons. As previously reported in the literature, a relatively fast voltage sweep (1 mV 
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/ 50 ms) could trigger electromigration in an electrode at room temperature, but Joule 
heating would lead to fast temperature rise and cause uncontrollable thermal runaway 
or local melting of the materials, which invariably leads to a large gap in the electrode 
[31][80]. It is stated that gap formation induced by electromigration typically takes place 
at a local temperature ~400K [80]. Here a feedback scheme is developed similar to that 
reported in Ref [42] to control the local temperature at the pre-patterned weak junction 
in order to avoid local melting and to control the rate of electromigration and hence the 
nanogap size. 
Following the process flow illustrated in Figure 3-6, to produce our nanogap, we 
fabricated electrodes with a constriction, a so-called bowtie (or butterfly) structure, by 
EBL with PMMA resist. A metal layer of 2 nm-thick Ti (or Cr) and an 18 nm-thick Au layer 
was thermally evaporated on the resist-patterned die and lifted-off in acetone, to create 
the gold electrode (Figure 3-6b). This was followed by optical lithography to define large 
contact pads (400 μm x 400 μm). A second layer of 15 nm Ti and 150 nm Au was 
thermally evaporated and lifted-off to create the contact pads (Figure 3-6c). Next, the 
die was bonded on a 24-pin DIP IC package, ready for nanogap formation.  
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Figure 3-6: Schematic of process flow for device fabrication: a) 500 nm SiO2 on Si substrate; b) EBL and 
metallization to define the bowtie structure; c) optical lithography and metallization to deposit the bond 
pads. 
 
A computer-controlled feedback scheme was programmed and integrated with 
a Keithley 4200 parameter analyzer, as outlined in Figure 3-7: the critical conductance 
G0 is defined as the quantum conductance 
h
e 22
 below which the nanogap is 
considered to be present and tunneling of electrons occurs [42]. The initial 
conductance of the bow-tie structure was measured and recorded as the reference 
conductance value at a voltage of 400 mV. The applied voltage was then ramped up at 
a rate of 4 mV /s until the conductance dropped by a set fraction (typically 1%) of the 
reference conductance value. Electromigration was triggered at this point and the bias 
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ramped down at 100 mV /s for 1 s and a new reference conductance was measured. 
The voltage-ramping-up-down process looped till the final conductance became 
smaller than the critical quantum conductance G0, indicating the formation of a 
nanogap.  
 
Figure 3-7: Flow chart of feed-back controlled electromigration to fabricate nanogaps. 
 
 An SEM image of a typical butterfly structure fabricated is shown in Figure-3-8a. 
After electrical stressing by applying feedback controlled voltage, the nanogap was 
realized by controlled electromigration and the SEM image is shown in Figure 3-8b. The 
current (I) /conductance (G) vs. applied bias plot is shown in Figure 3-8c. Multiple cycles 
of voltage ramp up/down are observed during the process, which took more than 4 
hours before the nanogap was finally formed. The current tunneling through a metal-
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, where d is the gap 
distance, V is the applied voltage, and  is the work function of the gold electrodes. 
Every Angstrom increase in the size of the nanogap would lead to almost one order 
magnitude decrease in the tunneling current.  A gap showing a 2.2 nA tunneling current 
at 0.5 V therefore corresponds to a gap that is ~1.1 nm wide (Figure 3-8d). 
 
Figure 3-8: SEM images of a typical bow-tie structure a) before and b) after nanogap formation; Scale bars: 
200 nm; c) a typical plot of feedback-controlled electromigration: current (I, red line) /conductance (G, 
black line) vs. applied bias. Multiple cycles of voltage ramp up/down are observed and the nanogap finally 
formed at very low bias 12 mV; d) the tunneling characteristics of the fabricated nanogap, which is 
estimated to be 1.1 nm. 
 
 Feedback-controlled electromigration can yield nanometer gaps but has a few 
disadvantages. The technique requires rather complicated program control and takes 
very long time (up to 4 hours) to complete the voltage ramping-up-down cycles. In 
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addition, it may be difficult to fabricate nanogaps in parallel by this technique as the 
feedback loop is based on the conductance change of a single electrode.  
 
3.4 Electromigration by Slow Voltage Ramp 
In this work, we show that it is possible to produce nanogaps with a simple slow 
voltage ramp, which are comparable, if not smaller in size, to the ones fabricated by 
feedback-controlled electromigration technique described above.   
As proof-of-concept experiments, a simple voltage ramp using 1 mV steps at 
intervals of 7 s was applied to the bowtie structure (fabricated by the same procedure in 
section 3.4, Figure 3-6) at room temperature using a Keithley 4200 parameter analyzer.  
It is found that a slower ramp rate allows better control of the local temperature in the 
constriction as the heat generated by Joule heating is dissipated away, leading to 
reliable nanogap formation rather than large gaps formed by the melting of material. 
Experiments show that a ramp rate of 1 mV / 3 s or greater would create large gaps due 
to thermal runaway of gold (Figure 3-9).  
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Figure 3-9: SEM images of large gaps formed by fast ramp rate 1 mV / 1s and 1mV/3s due to the high local 
temperature leading to material melting. Scale bar: 500 nm. 
 
A typical I-V curve for nanogap formation is shown in Figure 3-10a. Nanogaps 
were obtained with tunneling currents ranging from 10-12 A to 10-8 A at 1 V, measured at 
room temperature and in air (Figure 3-10b). A typical nanogap is examined in the SEM 
as shown in Figure 3-10c. Due to the random nature of electromigration by atom 
movement, the geometry of the nanogap is not perfectly uniform [81].  
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Figure 3-10: Typical I-V characteristics of a) nanogap formation: the conductance of the Au electrode (red 
triangle) slowly decreased due to Joule heating and electromigration and the electrodes finally broke 
down leading to a sub-2 nm nanogap at 1.07 V. The black square is the current passing through the 
electrode. 1 V corresponds to 7000 s; b) the tunneling current of a 1.2 nm nanogap. c) SEM micrograph of 
a typical nanogap. 
 
The dimensions of the gaps obtained in the experiments are 1.1  0.1 nm (40 
samples examined, Figure 3-11).  The dimensions and reproducibility of gaps obtained 
here are comparable to those achieved using thermally-assisted electromigration [76] 
and the experimental procedure here is much simpler.  
 
Figure 3-11: Nanogap size distribution. 40 samples are examined. 
 
The SEM images in Figure 3-12 show the evolution of an electrode as a result of 
electromigration leading up to nanogap formation.  The images were obtained at 
different stages of the electrical stressing process and allow observation of the 
electrode morphology during the electromigration. The constriction site is found to be 
progressively electromigrated as observed in Figures 3-12a-c. The tunneling occurs 
through the closest points between two electrodes. Note that the exact location of the 
nanogap along the crack in Figure 3-12c is indeterminate due to sample-to-sample 
variations in the structure of the grains making up the original electrode. 
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Figure 3-12: Series of SEM images showing the morphology of the electrode at various stages of the 
nanogap formation process via electromigration: a) a bowtie structure before electrical stressing; b) crack 
formation around the constriction side due to electromigration - image taken at 20% conductance drop; c) 
final nanogap formation, indicated by the dashed circle. Scale bar: 200nm.  
 
 This technique does not require programmed control [80], cryogenic 
temperatures [42], or an AC source to provide voltage pulses [76], and therefore 
constitutes an important step towards the transformation of the electromigration 
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technique into a potential technology for manufacturing.  In addition, it is possible to 
apply the technique to parallel nanogap fabrication, which will be presented in Section 
4.4.   
 
3.5 Topography Effect and Temperature Dependence 
 It is observed that in all cases, the gaps occur on the cathode side of the 
constriction (i.e., the side of the wires where electrons flow into the constriction) rather 
than at the narrowest point of the constriction (Figure 3-13a).  In addition, it is observed 
that there are always bright spots placed approximately symmetrically-opposite to the 
gap location.  These bright spots observed in SEM images suggest surface protrusions 
that give rise to a higher secondary electron yield [82].  Imaging using atomic force 
microscopy (AFM) (Figure 3-13b) further confirms that there is hillock formation on the 
anode side of the constriction.  The formation of hillocks is the result of gold atom 
migration from the cathode side. 
 
Figure 3-13: a) SEM image of a nanogap (the left-hand side is the anode side while the right is the cathode 
side); the dashed circle indicates the positions of 1-2 nm nanogap. b) AFM topography of the nanogap. 
The bright spots in the SEM image and AFM image are gold hillocks. Scale bars are 100 nm. 
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It is also observed that the gaps and hillocks form at a distance from the 
constriction (Figure 3-12 and Figure 3-13). If these are due to microstructural features 
that lead to local atomic flux divergences, it would be expected that the gap and hillock 
locations would vary significantly from experiment to experiment, which is not observed 
in our experiments.  To understand what controls the location of the gaps and hillocks it 
should first be noted that the electromigration-induced atomic flux J scales with 
temperature T and current density j according to the formula
kT
Q
expjJ  (Figure 3-
14a), where Q is the activation energy for atom migration and k is Boltzmann’s constant.  
The current crowding that occurs at the constriction leads to a maximum in j at the 
constriction.  Joule heating also leads to a maximum temperature at the constriction.  
There will therefore be an especially sharp maximum in the atomic flux at the 
constriction.  Voids (gaps) and hillocks develop when there is a divergence in the atomic 
flux, i.e., when the gradient of J is high so that more material enters (leaves) a volume 
than leaves (enters) the volume.  On the cathode side, the flux diverges from slow to 
fast as the electrode cross-sectional area decreases, so material is depleted and tensile 
stress develops.  This stress eventually leads to void formation and growth of voids to 
form a nanogap.  On the anode side, the flux diverges from fast to slow, leading to 
compressive stress and consequently to gradual formation of hillocks.  Failure occurs at 
the peak flux divergence so that the locations of the voids and hillocks can be found 
when |dJ/dx| is maximum or when d2J/dx2 is zero. Since the structure is symmetric, the 
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location of the voids and hillocks are symmetric about the constriction.  The schematic 
in Figure 3-14b illustrates the mechanism of formation of the nanogap and hillocks. 
 
Figure 3-14: a) Schematic of the atomic flux through the constriction; b) schematic plot of the 
temperature and electromigration flux. 
 
The influence of ambient temperature on nanogap formation is also studied.  As 
discussed above, if Joule heating is affecting the locations of the flux divergences, the 
local temperature should have a significant effect on the location of the voids and 
hillocks. The location of the hillocks/voids is dependent on the shape of the temperature 
(T) vs. position (x) curve.  According to our interpretation, changing the ambient 
temperature would change the shape of the T(x) curve and consequently the J(x) curve, 
thereby affecting the location of the voids and the hillocks.  Specifically, for a given 
current, an increase in the ambient temperature would broaden the peak in the atomic 
flux around the constriction. To test this, a set of experiments was carried out in vacuum 
(to eliminate heat loss due to convection) at different temperatures (T1 = 298 K, T2 = 323 
K and T3 = 363 K) within a tube furnace.  From Figure 3-15a, it can be seen that the 
location of gaps/hillocks is further away from the constriction when the ambient 
temperature is higher.  The higher the ambient temperature, the less steep the T(x) 
curve, and likewise the J(x) curve.  The flux density would change more gradually along 
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the length of the electrode.  Hence, the location of maximum |dJ/dx| would be further 
away from the constriction.  A sketch of J, dJ/dx and d2J/dx2 curves at three different 
temperatures (Figure 3-15a) is shown alongside the SEM pictures in Figure 3-15b.  
 




 for various temperatures, T1 < T2 
< T3 ; b) SEM images of nanogap structures at 298 K, 323 K and 363 K (from top to bottom). The dashed 
lines show the mean positions of gold hillocks and gaps. It should be noted that large cracks of tens of nm 
are possibly due to the interplay of polygranular and transgranular electromigration, wire heating, and 
grain mobility [83]. Scale bar are 200 nm. 
 
3.6 Summary 
 In summary, the focus of the work in this chapter is to develop reliable 
techniques for sub-50 nm nanogap fabrication. The shadow evaporation is 
advantageous in multiple-gap formation, while the electromigration techniques can 
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yield sub-2 nm nanogaps. These gaps are used for DNA sensing (Chapter 5) and direct 




Chapter 4 Polymer-Protected Nanogap 
Devices by Self-Aligned Processes 
There is great interest in nanoscale biosensors motivated by the possibility of 
integrating biological detection capabilities with current into existing semiconductor 
technology [84]. Several proposed electronic biosensors utilize surface interactions, 
such as immobilization of DNA molecules onto a nanotube [85], to affect the electrical 
properties of the active sensor element that converts the bio-event into an electrical 
signal [72][86]. Since detection is invariably carried out in solution, there is a need to 
avoid parasitic ionic currents through parallel conduction paths between electrodes 
exposed to the liquid.  In particular, for solutions of high ionic strength, such ionic 
currents can often mask the biodetection signal [87][88]. One of the methods identified 
to work around this problem is to electrically insulate all the electrodes in contact with 
the liquid, leaving only an opening at the sensing part where the biological probes reside. 
The challenge lies in the fabrication of such devices where a nanoscale sensing element, 
such as a nanogap or a semiconductor nanowire has to be fabricated below an 
insulating layer (e.g. a polymer coating) and in registry with a small opening that 
exposes the sensor to the solution containing the analyte. At the same time, it is 
desirable that the fabrication process should be facile and inexpensive.  
A wide range of approaches has been reported for high-resolution patterning of 
protective polymer materials in past decades [89][90]. Apart from conventional 
lithography approaches that require pattern registration and alignment [87], other 
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reported means include the use of electric field [91] and Joule heating [88][92] to locally 
ablate the polymer in self-aligned processes. Another interesting approach involves 
modifying the surface morphology of polymeric resists using atomic force microscope 
electrostatic nanolithography in which a film of polymer resist heated above the glass 
transition temperature (Tg) becomes highly unstable with regard to small perturbations 
or ablation of the polymer [93][94].  
In this chapter, two on-chip self-aligned processes, namely selective polymer 
dissolution and local polymer ablation, are explored to fabricate polymer protected 
devices for biosensing application in aqueous solution. The advantages and 
disadvantages of the techniques are discussed. 
 
4.1 Selective Polymer Dissolution 
4.1.1 Polymer Dissolution 
Polymer dissolution plays a key role in many industrial applications in a variety of 
areas and an understanding of the dissolution process allows for the optimization of 
design and processing conditions, as well as selection of a suitable solvent.  
The polymer dissolution process consists of two major steps, namely solvent 
diffusion and chain disentanglement (Figure 4-1a). The solvent will first diffuse into the 
polymer and cause plasticization of the polymer to form a gel-like swollen layer. Further 
penetration of the solvent into the polymer increases the swollen surface layer until a 
quasi-stationary state is reached, where the transport of the macromolecules from the 
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surface into the solution prevents a further increase of the layer [95]. The surface layer 
of the polymer could be described in more detail as shown in Figure 4-1b [96]. The first 
layer adjacent to the pure polymer is the infiltration layer. The next layer is the solid 
swollen layer where the polymer–solvent system building up in this layer is still in the 
glassy state. Next, the solid swollen layer is followed by the gel layer, which contains 
swollen polymer material in a rubber-like state, and a liquid layer, which surrounds 
every polymeric chain in a streaming liquid, respectively. 
 
Figure 4-1: a) A schematic of one-dimensional solvent diffusion and polymer dissolution; b) Schematic 
picture of the composition of the surface layer. 
 
Polymer dissolution is a thermodynamic process and thus its rate is markedly 
dependent on temperature. Cooper et al. conducted an investigation of the dissolution 
rate of PMMA in methyl ethyl ketone (MEK, solvent of PMMA) with different additives 
at 17.5, 22.5, and 27.5 ℃ [97]. It was shown that the dissolution rate is exponentially 
dependent on temperature and an activation energy of 25 kcal/mol (104.6 kJ/mol) was 
obtained. In addition, there is no significant difference in the activation energy of the 
dissolution behavior with different additives, which suggests a very similar rate 
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determining step. The independence of activation energy with diffusivity showed that 
the transport encountered in PMMA dissolution is a relaxation controlled process 
occurring at the gel-polymer interface.  
Due to the strong temperature dependence of the polymer dissolution rate, we 
propose a promising patterning technique by differential dissolution. By applying 
current to a polymer-coated pre-patterned conductive nanostructure, localized Joule 
heating causes a temperature rise in the overlaying polymer layer, which increases the 
dissolution rate in the hot region that would be dissolved to form a well-defined pattern. 
In this work, to obtain polymer-protected nanogap devices, the butterfly electrode 
structure is coated with an insulating polymer layer (in this work, PMMA is used). A two-
step fabrication method was developed: the first step is to fabricate a self-aligned hole 
structure by selectively removing the polymer at the constriction site through 
differential dissolution, followed by the fabrication of the nanogap by electromigration 
presented in Section 3.5. 
 
4.1.2 Selection and Characterization of Solvent 
A few solvents were tested for their differential dissolution rates at elevated 
temperatures in order to select an appropriate candidate for nanohole formation. 
 Methyl isobutyl ketone (MIBK) was found to dissolve PMMA too fast to provide 
sufficient dissolution difference as it dissolves a 600 nm thick PMMA film in less than 
one minute even at room temperature, let alone at elevated temperature. MIBK was 
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then diluted with iso-propyl alcohol (IPA), which slowed down the dissolution. However, 
Upon application of an electrical bias to the electrodes, it was discovered that 
dissolution of large areas of the polymeric film occurred in MIBK/IPA mixtures in a fast 
and uncontrollable manner leading to large exposed areas opening around the 
electrodes within a short period of time (60 s) (Figure 4-2). It was observed that the 
PMMA film remained intact far away from the electrodes, as would have been expected 
due to the slow dissolution rate.   
  
Figure 4-2: Optical image of PMMA dissolved in MIBK: IPA (1: 3) in the presence of electrical current. Scale 
bar: 400 m.  
 
We noted that IPA and MIBK are both polar solvents and slightly ionic. The large 
irregular area dissolved area can be attributed to the presence of an electric field. 
Experiments were carried out to confirm this.  A probe with an applied voltage was used 
to create an electric field at the surface of the PMMA layer as illustrated in Figure 4-3a, 
and was found to accelerate the dissolution rate in its vicinity.  The resulting pattern 
dissolved at a bias of 2 V for 100 s is shown in Figure 4-3b. This phenomenon should be 
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due to strong dipole-dipole interaction with the oriented groups during the dissolution 
process [98]. For ionic solvents, conduction-assisted carrier drift and material transfer 
may also occur [99].  
  
Figure 4-3: a) Schematic of dissolution acceleration by E-field. b) Optical image of PMMA pattern obtained. 
Large area dissolution occurred in a short duration (100 s). Scale bar: 400 m. 
 
Benzene, a non-polar solvent, was then tested to avoid this phenomenon but did 
not provide a satisfactory dissolution rate either. It dissolves PMMA film at about 5nm/s 
at room temperature, which is too fast for differential dissolution to achieve reasonable 
patterns.   
To summarize, an appropriate solvent needs to satisfy 3 criteria: 1) the 
dissolution rate of PMMA in the solvent should be negligible at room temperature (RT); 
2) the solvent should dissolve PMMA quickly at temperatures above RT but not at low 
temperatures, i.e., a sharp increase in dissolution rate with temperature is desirable; 3) 
the solvent needs to be non-polar and non-ionic. Finally, p-xylene (C8H10) was chosen as 
the solvent as the symmetric arrangement of the molecule imparts a very low dipole 
moment (0.07D) [100].   
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Characterization of PMMA dissolution in p-xylene was conducted by dissolving 
PMMA films on pre-coated samples in the solvent over a range of temperatures from 
298 K to 348 K for various durations while recording the average dissolution rate. 3% 
PMMA was spin-coated on silicon substrates and baked at 120 ℃ for 15 mins. The 
thickness each PMMA coated sampls before dissolution was measured using a thin film 
measurement system FILMETRICS F20 and recorded. The PMMA thickness after a 
dissolution time t at temperature T in p-xylene was measured again and recorded. The 
average dissolution rate at different T was then obtained by calculating the dissolved 

















207.9 180 199.5 0.0467 
209.0 360 194.8 0.0394 
205.2 540 185.3 0.0369 
208.6 720 182.1 0.0368 
204.9 930 185.8 0.0205 
   Average Rate 0.0361 
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202.9 15 193.7 0.6133 
202.5 45 153.2 1.0956 
218.1 80 141.3 0.960 
207.7 120 93.72 0.9498 
   Average Rate 0.9047 
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211.6 10 109.4 10.22 
207.8 20 30.53 8.8635 
208.2 14 83.61 8.8992 
206.0 6 155.6 8.4 
   Average Rate 9.0957 
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209.8 5 110.8 19.8 
215.9 10 22.52 19.338 
212.8 7 72.6 20.0286 
216.7 3 142 24.9 
212.3 9 51.08 17.913 
   Average Rate 20.396 
65 
209.9 4 121.9 22 
209.7 2 119.6 45.05 
218.9 5 30.6 37.66 
205.7 3 50 51.9 
   Average Rate 39.1525 
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437.8 1 291.3 146.5 
410.5 2 335.2 37.65 
426.3 3 206.6 73.23333 
434.6 4 207.3 56.825 
   Average Rate 69.4042 
75 
208.0 2 30.31 88.845 
212.8 1 63.35 149.45 
206.5 0.5 52.59 307.82 




Figure 4-4a plots the dissolution rate at different temperatures and shows that 
the dissolution rate D scales nearly exponentially with temperature according to 
RT
E
AD aexp , where A is a constant, Ea is the activation energy, R is the gas 
constant and T is temperature. Subsequently, a straight line fit on an Arrhenius plot 
(Figure 4-4b) was obtained and yields an activation energy of 132kJ/mol, which is in very 
good agreement with the value for PMMA dissolution reported by Cooper et al. [97]. 
Hence, p-xylene is a good choice for the solvent here as the dissolution rate is negligible 
(< 1 nm/s) at room temperature and rises rapidly at higher temperatures, thereby 
providing a practical working window for experiments to be carried out. 
 
Figure 4-4: a) Plot of PMMA dissolution rate at various temperatures in p-xylene, b) corresponding 
Arrhenius plot. 
 
4.1.3 Selective dissolution on butterfly electrodes 
Electrodes with constrictions were patterned using procedures similar to those 
presented in Section 3.3.  The sample was then spin-coated with 80-nm-thick PMMA 
(950K molecular weight) (Figure 4-5a).  Next, the sample was immersed in p-xylene 
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solution, and an alternating current (AC) ftII 2sin0  (Typically, Io = 10 mA, f = 1 MHz) 
was applied to the electrode to induce Joule heating which in turn heated up the 
overlying PMMA (Figure 4-5b). Upon dissolution for 10 s, a self-aligned hole structure 
was formed in the vicinity of the constriction, where the temperature was highest, by 
selective dissolution, while the rest of the device remained protected as the dissolution 
elsewhere was negligible (Figure 4-5c). The nanogap was then created in a subsequent 
step by electromigration (Figure 4-5d). 
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Figure 4-5: a) PMMA coated butterfly structure, b) AC current applied to the electrode in the presence of 
p-xylene solvent; c) a self-aligned hole structure formed at the constriction site; d) nanogap fabrication by 
electromigration. 
 
AC current is used to generate the required Joule heating but without triggering 
electromigration as the current density required to attain a sufficiently high 
temperature approaches 108 A/cm2, which is in the range of current density the onset of 
electromigration under DC stress. A past study on AC electromigration study proposed 
that metal lifetime under AC stress is longer than that under DC stress because the AC 
stress results in nearly complete healing effect by consecutive opposite current pulses. 
The results also showed that the lifetime saturates at a constant at high frequencies 
beyond ~104 Hz [101]. In this work, AC current at 1 MHz was used to prevent premature 
electromigration before the desired temperature profile is attained.  
Typical AFM images of the patterns obtained by selective dissolution are shown 
in Figure 4-6. The size of the hole structure obtained increases with the dissolution time. 
Unfortunately, the hole structure is rather large in dimension. The smallest pattern 
obtained is about 500 nm in diameter, which is not very satisfactory.  The large hole 
originated from the broad heating profile arising from the butterfly structure, and could 
not provide sufficiently differentiated dissolution to restrict the hole to the constriction.  
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Figure 4-6: AFM images of resulted patterns by selective dissolution. a) –d) dissolution time 15 s, 10 s, 15 s 
and 10 s respectively. Scale bars: 1 m 
 
Temperature profiles of various electrode patterns were simulated using the 
multi-physics simulation software ANSYS 10.0 to investigate the influence of the 
constriction design for selective dissolution. The simulation model includes a solvent 
layer (50 m thickness), PMMA (100 nm thickness), the Au electrode layer (40 nm 
thickness) and the substrate (500 nm SiO2 on 500 m Si).  The thermal properties used 
for simulation are listed in Table 4-2.  














Figure 4-7a shows the general temperature trend at steady state when the 
solvent and PMMA are heated up by Joule heating while AC current passes through the 
electrodes. The temperature is indicated from cold (room temperature) to hot as blue to 
red. The temperature at the constriction site is the hottest at the point indicated by the 
arrow in Figure 4-7a. The transient simulation shows that it took less than 1 s for the 
model to achieve a steady-state temperature profile, and hence it is reasonable to 
equate the dissolution time with the heating time. The electrode was defined as a 
butterfly structure with various dimensions (L = the length of the butterfly: 1.34 m, 5 
m and 18.7 m, W = the width of the butterfly 5 m). The final temperature at the 
constriction is set to be the same for all three electrode designs for comparison. It is 
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preferred that the dissolution rate is very fast at the constriction site but negligible 
elsewhere. This requires a sufficient temperature difference along the electrode, i.e., a 
steep temperature profile rather than a broad spread.  As shown in Figure 4-7b, it is 
found that the butterfly with L = 18.7 m has the steepest heat profile, which is the 
most favorable.  
 
Figure 4-7: a) Simulated temperature plot of solvent, PMMA and electrode layers from cold (blue) to hot 
(red) to demonstrate the general trend of heating profile; b) Temperature vs. position at the electrode 
plot for various pattern dimensions, the insert is a schematic drawing of the electrode.  
 
The experimental results confirm that selective polymer dissolution is a practical 
approach for self-aligned process to fabricate polymer-protected device. However, 
there is still room for improving the spatial resolution of the selective dissolution 
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process. One approach is to design appropriate an electrode pattern for better heat 
confinement to yield a sharp temperature profile.  As discussed above, a long butterfly 
structure is seen to possess a steep temperature profile. Another possible approach is to 
choose polymer materials and respective solvents to provide sufficiently differentiated 
dissolution.   
 
4.1.4 Selective polymer dissolution on nanowire structures 
As found from the temperature simulation in the previous section, the selective 
dissolution technique works better on butterflies with long taper lengths. Hence, the 
technique is suitable for self-aligned patterning on nanowire devices. The design of 
experiment is shown in Figure 4-8. As a demonstrator, we used metal to realize the 
nanowire, but other conductive materials such as semiconductors can be used. Lines of 
~200 nm width were patterned on substrates by EBL and evaporation. Following the 
dissolution procedure described in section 4.1.3, a self-aligned nanotrench structure is 
expected to form in the vicinity of the nanowire, while the rest of the device remains 
protected as the dissolution elsewhere is negligible (Figure 4-8d). 
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Figure 4-8: a) Metal nanowire patterned by EBL on SiO2/Si substrate, b) PMMA layer spun on the 
substrate; c) AC current applied to the electrode in the presence of p-xylene solvent; d) PMMA 
surrounding the resistive nanowire is selectively dissolved away as the hot polymer dissolves rapidly to 
form a nanotrench pattern.  
 
As a proof-of-concept experiment, we have successfully fabricated a self-aligned 
nanotrench structure in the polymer layer along the pre-patterned Au nanowire while 
the rest of the device remains protected by PMMA. Figure 4-9a shows a typical 
topographical image, obtained using atomic force microscopy (AFM), of a PMMA coated 
200nm-wide nanowire before selective dissolution. After AC current heating and 
dissolution, the morphology of the nanotrench formed in the vicinity of the nanowire is 
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shown in Figure 4-9b.  The nanotrench in the polymer layer is seen to be well-aligned to 
the nanowire underneath. It is also observed that the nanowire is fully exposed after 
dissolution as indicated by the height profile inserted in Figure 4-9b.   The dissolved 
pattern depends on the applied heating power that determines the local temperature 
and hence the dissolution rate and dissolved thickness for a given period. Experiments 
show that a typical heating power ~0.01 W is needed to create a nanotrench with 5s 
dissolution time.  
The temperature profile of the nanowire during the dissolution process was 
simulated using ANSYS 10.0 as shown in Figure 4-9c. It is observed that the heat is well-
confined between the nanowire and electrode pads (blue: room temperature). Figures 
4-9d and 4-9e show the temperature plot along (x-direction) and across (y-direction) the 
nanowire. The shape of the trench shows a correspondence with the isotherms. From 
Figure 4-4b, the dissolution rate D is known as a function of temperature T, which 
depends on the position across the nanowire (Figure 4-9d). Hence, D is obtained as a 
function of position across the nanowire. Since the heating and dissolution time is 5s in 
our experimental work, the dissolved thickness vs. the position across the nanowire was 
derived and plotted in Figure 4-9f. It is seen clearly that the resulting depth profile 
matches the nanotrench pattern shown in Figure 4-9b with a width of about 1 m.  
However, instead of a simulated rounded edge at the top of the trench in Figure 4-9f, a 
~10 nm hump is observed experimentally in Figure 4-9b.  This is likely to be due to the 
swelling process during dissolution [95]. For dissolution to occur, the solvent must first 
diffuse into the polymer film to form a rubbery surface layer. The polymer undergoes a 
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transformation from a solid film to solid-swollen layer to gel layer followed by liquid 
layer before finally dissolving into the solvent. The small expansion along the nanowire 
edge is possibly due to the swelling process and polymer redistribution during 
dissolution. 
 
Figure 4-9: AFM topographical images of a) a typical PMMA coated Au nanowire and b) the resulting 
nanotrench pattern in PMMA film after selective dissolution with the line profiles along the indicated 
black lines.  Scale Bars: 5 m. c) Simulated temperature profile of the PMMA surface from cold (blue) to 
hot (red) to demonstrate heat confinement. d) & e) Temperature plots of the PMMA surface across and 
along the nanowire, respectively indicated as y and x directions in c). f) Calculated dissolved thickness vs. 
position across the nanowire (y-axis). 
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The ability to fabricate nanoscale trenches that are self-aligned to the nanowire 
underneath opens many exciting opportunities for nanodevice engineering.  As an 
example, using the self-aligned nanotrench in PMMA as a template, we demonstrate 
localized surface engineering by chemical directed assembly of Au nanoparticles onto 
the exposed nanowire.  The nanotrench device was first modified by a capturing DNA 
strands (5’HS-C6A10).  Au nanoparticles of ~15 nm diameter modified by the 
complementary DNA strand (5’HS-C6T10) were then assembled onto the nanowire after 
DNA hybridization (Figure 4-10a) [102] [103]. To examine the nanowire by SEM, the 
PMMA layer had to be removed by low-powered oxygen plasma to avoid charging 
artifacts prior to viewing (Figure 4-10b).  As anticipated, Au nanoparticles were 
selectively assembled on the exposed nanowire and not anywhere else. 
 
Figure 4-10: a) Schematic of Au Nanoparticles assembly by DNA hybridization; b) SEM image of 
nanoparticle assembly on the exposed nanowire. Scale bar: 200 nm.  
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Another important and promising application of our self-aligned dissolution 
technique is to selectively expose polymer-protected graphene devices. A piece of 4-
layer graphene (~ 10 m x 100 m area) was prepared by mechanical exfoliation. 
Electrode leads were delineated on the graphene flake by EBL and metallized by 
evaporation. The device was then coated with PMMA and the optical image captured 
with a 100X objective lens is shown in Figure 4-11a. Figure 4-11b shows the optical 
image after the selective dissolution.  Using a similar heating power input (~0.01 W), as 
previously used in the experiment on Au nanowire, on electrodes labeled 1 and 2, a self-
aligned opening was well formed on the heated graphene while the graphene elsewhere 
remained protected. The height profile of the dissolved pattern indicated by the dotted 
line inserted in Figure 4-11b was obtained by AFM and clearly shows the dissolved 
recession in the PMMA layer. The small humps at both sides are also consistent with 
those at the edge of the nanotrench obtained previously. The technique demonstrated 
here is particularly useful for solution gating graphene field effect transistors [104][105] 
as the electrodes (i.e., source and drain) are protected by PMMA layer and not in direct 
contact with the electrolyte (i.e., the gate). In addition, this patterning method allows 
selective surface engineering on the same piece of graphene flake, i.e., one part of the 
graphene is exposed for further modification while the other parts remain protected. 
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Figure 4-11: Optical images of PMMA coated a graphene device before (a) and after (b) selective 
dissolution. The insert in b) is the AFM height profile of the pattern indicated by the dotted line.  
 
In summary, selective polymer dissolution is a promising approach for self-
aligned patterning of nanowire/nanotube structures in general. In addition, selective 
dissolution approach can be generalized to other thermoplastic polymers as the 
protective layer and nanowires/nanotubes of various conductive materials as the active 
device element. Therefore this approach is valuable for the development of sensors 
based on nanowires and other nanostructures for applications that require localized 
surface engineering and as well as sensing applications in aqueous solution. 
 
4.2 Localized Polymer Ablation 
 Localized polymer ablation, a one step approach, is explored to fabricate 
nanogaps with self-aligned conformal hole structures in the overlying polymer layer. 
This technique was first proposed by Dr. Robert J. Barsotti, who stated (in his PhD thesis 
[106]) that a high electrical field can locally melt the polymer, opening a small hole in 
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the insulating layer to significantly reduce background ionic current for DNA sensing 
application. In this work, the fabrication process is investigated in detail and optimized.   
In a typical procedure, a 100-nm-thick PMMA layer is first coated on a gold  
electrode fabricated with a constriction as shown in Figure 4-12 (A, 3D view).  During the 
application of a slow voltage ramp (1 mV/7 sec) (refer to section 3.4), the electrode 
gradually breaks down due to electromigration, opening a sub-2 nm gap while 
simultaneously forming an overlying PMMA hole structure precisely located on the 
newly-formed nanogap (B, 3D view).   
The formation of the hole structure can be attributed to heat-induced ablation 
as illustrated in Figure 4-12 (Side view). The increase in voltage induces Joule heating at 
the constriction site that causes the polymer to expand locally and reflow when the 
temperature exceeds the polymer’s glass transition point, forming a protuberance on 
top of the constriction site (Figure 4-12, step i; Side view, experimental results are 
presented in the paragraphs below).  Subsequently, localized thermal expansion of the 
polymer leads to a buckling event that forms a dome-shaped structure between the 
PMMA and the Au electrode (Figure 4-12, step ii; Side view). The high tensile stress 
developed on the PMMA layer and the rapid increase in local temperature as 
electromigration progresses lead to polymer ablation at the constriction site, resulting in 
the formation of a hole structure on top of the nanogap (Figure 4-12, step iii; Side view).  
The hole feature is about 200 nm in diameter (full-width-at-half-maximum, FWHM) and 
well-aligned to the nanogap. Such alignment is particularly difficult to achieve by 
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conventional electron beam lithography due to variability in the position of the nanogap 
that eventually opens as a result of the electromigration process. 
 
Figure 4-12: Self-aligned formation of a nanogap with a conformal PMMA hole nanostructure. (Left) 3D 
View of the device before (A) and after (B) electrical stressing. (Right) Side View of the device formation 
process. i) PMMA expansion at the constriction site upon Joule heating; ii) Formation of a dome structure 
induced by a buckling event, and iii) Simultaneous formation of a sub-2 nm gap and a hole nanostructure 
by PMMA ablation. 
 
44 self-aligned conformal hole structures out of 50 attempts were successfully 
fabricated while all of 50 tries have sub-2 nm nanogaps.  The as-fabricated 
nanostructures were first characterized by atomic force microscopy (AFM).  Figure 4-13a 
shows a typical AFM topography image of the PMMA hole structure with a diameter of 
200 nm at the constriction site.  The average size of the holes obtained is 216.5 nm  
50.52 nm (44 samples), which is affected by the variation of the bowtie constriction 
width. In contrast, failed attempts resulted in formation of protuberant features as 
shown in Figure 4-13b.   
To confirm the formation of a PMMA hole nanostructure directly on top of the 
nanogap, a nanogap device modified with 3-aminopropyl triethoxysilane was immersed 
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in a solution of citrate-stabilized Au nanoparticles of ~20 nm diameter [107].   The 
PMMA layer was then stripped off by acetone, and the vicinity of the nanogap examined 
by SEM.  As anticipated, Au nanoparticles were assembled in a circle centered on the 
nanogap as shown in Figure 4-13c, indicating that the PMMA hole nanostructure is well-
aligned with the nanogap.  The size (~120 nm) of the nanoparticle aggregate patch is 
smaller than the FWHM diameter of the PMMA hole structure as determined from the 
AFM line scan partly due to the probable sloping of the polymer profile, partly due to 
artifacts in size determination of deep holes through AFM tips, and partly due to 
hydrophobic repulsion of charged gold particles from the PMMA walls.  
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Figure 4-13: a) Topography image of a self-aligned hole by AFM and the height profile of the PMMA hole 
structure.  b) Topography image of a PMMA protuberance by AFM and its height profile.  c) SEM 
micrograph of Au nanoparticles assembled at the nanogap templated by the PMMA hole. 
 
To support the thermal-ablation-induced hole formation mechanism, the volume 
changes of the PMMA layer before and after electrical stressing were analyzed by real-
time AFM imaging.  During electrical stressing, the bowtie structure covered by the 
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PMMA was continuously scanned by AFM.  1.5 μm x 1.5 μm scan images of the 
constriction site were captured at one minute intervals.  Noticeable topographical 
changes occurred in the time interval of 133 to 136 min (Figures 4-14a-d).  The volume 
loss of 1.84 x 10-3 m3 upon hole formation is determined from differential AFM 
measurements, implying that a thermal-ablation event occurred in the polymer layer.  A 
similar calculation was performed for the volume change of the PMMA protuberance 
shown in Figure 4-13b, which yielded a volume increase of 0.046 m3.  Such a large 
volume increase is ~200 times greater than expected from thermal expansion alone 
(PMMA expansion coefficient = 6.7 x 10-4) [108], substantiating the formation of the 
dome-shaped structure at the constriction site as presented in Figure 4-12.   
 
Figure 4-14: a)-d) A series of real time AFM images of a bowtie electrode coated with PMMA upon 
applying electric stressing.  A line profile along the bowtie and separation between peaks shows 
progressive PMMA reflow with time (Scale bars are 500 nm). 
 
 71 
To show the ablation process in a clearer manner, an optically patterned bowtie 
structure with a 2 m constriction width was examined in a similar manner by AFM 
(Figure 4-15). It is observed clearly that there was PMMA reflow initially (Figure 4-15b), 
and then a bubble started to form (Figure 4-15c) and expanded (Figures 4-15d and 4-
14e), and eventually ablated (Figure 4-15f) to form a hole. The process captured again 
confirms the proposed mechanism in Figure 4-12.  
 
Figure 4-15: A series of real time AFM images of a bowtie electrode coated with PMMA upon applying 
electric stressing: at a) t=0; b) t=87mins;c) t=110mins; d) t=125mins; e) t=138mins; f)final image 
t=139mins. 
 
The temperature profiles of the PMMA layer and Au electrode were simulated 
using ANSYS 10.0. The constriction site is considered to be progressively electromigrated 
as observed in Figure 3-12.  Hence, at the start of electromigration, the electrode 
structure is as defined, and the temperature profile is simulated at 20 – 80% reduction 
in the constriction width at intervals of 20% to model the temperature rise (Figure 4-16). 
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Electromigration causes movement of gold atoms and crack formation in a manner that 
progressively narrows the constriction prior to nanogap formation. This not only 
increases the local resistance at the constriction (thereby increasing the Joule heating), 
but also reduces thermal conductance (thereby reducing the dissipation of heat). 
 
Figure 4-16: Illustration of gradual electromigration of Au at the constriction site used as the simulation 
geometry: a) before electromigration; b) crack formation leaving 60% of the original constriction width; c) 
20% of the original width remaining, and d) formation of the nanogap after final breakdown. 
 
The simulation results are shown in Figure 4-17. Figure 4-17a is the isothermal 
temperature map of the PMMA layer. As shown in Figure 4-17b, upon Joule heating the 
local temperature of PMMA at the constriction with 20% of the original width remaining 
is around 560 K.  The local temperature is not only higher than the glass transition 
temperature (Tg = 399 K), but also the boiling point (Tboiling = 473 K) of PMMA, promoting 
the occurrence of the polymer ablation [109].  The simulated PMMA temperature 
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agrees well with PMMA ablation experiments carried out by Luo et al. [109].  Figure 
4-17c is a plot of the simulated peak temperature vs. the portion electromigrated.  It 
should be noted that the local temperature of the PMMA increases rapidly in the course 
of electromigration.  
 
Figure 4-17: a) Simulated temperature map of the PMMA layer indicating temperature transitions from 
hot (red color) to cold (blue color). b) The corresponding temperature profile of the PMMA surface at the 
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constriction site. c) Temperature plots of the PMMA bottom layer (black square) and top surface (red 
triangle) vs. the portion migrated at the constriction site: 0% = no migration, and 100% = final nanogap 
formation. The solid lines are fitted data and the dashed line is the boiling temperature of PMMA. The 
projected temperature of the PMMA is as high as 750 K at the bottom and 626 K at the surface. 
 
 It was shown in Section 3.6 that the nanogap always forms on the cathode side 
of a bowtie electrode, with corresponding hillocks on the anode side, with the distance 
of the gap/hillock formation from the constriction depending on the ambient 
temperature. The formation of the nanogap away from the constriction poses a 
problem in locating a hole in a passivation layer if the intention is to create the hole by a 
conventional lithographic process that requires alignment.  Alignment to a nanogap that 
has already been formed is subject to uncertainty as the actual nanogap may be among 
one of several locations along the crack resulting from the electromigration process (see 
Figure 3-8a).  Likewise, if the centre of the constriction is taken as the alignment 
reference point, then the hole needs to be sufficiently large to cover the width of the 
tapered electrode portion where the electromigration crack forms, the nanogap proper 
being located at an unpredictable position along this crack.  For room-temperature 
formation of the nanogap, the gap forms within 250 nm of the constriction, which 
imposes a ~500 nm lower bound on the hole diameter for our 45° tapered electrode 
structure. In contrast, our hole structure formed by polymer ablation is inherently self-
aligned to the nanogap, as the hole would be formed at the final breakdown point of 
the electrode where the temperature is highest as a result of Joule heating. 
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4.3 Parallel Fabrication 
 By parallel connection of arrays of devices, the formation of polymer-protected 
nanogap array can be achieved in a manner suitable for a commercial manufacturing. 
The principle indeed is the same as what has been presented in section 4.3. The pre-
patterned bowtie electrodes are connected in parallel, followed by electrical stressing as 
shown in Figure 4-18.  
 
Figure 4-18: Fabrication of a parallel polymer-protected sub-2 nm nanogap array: a) polymer coated pre-
patterned electrode with a constriction in parallel. b) Obtained PMMA protected sub-2 nm nanogap array 
after electrical stressing. 
 
An SEM image of an array of electrodes with pre-patterned constrictions before 
electrical stressing is shown in Figure 4-19a. Figure 4-19b is the conductance vs. voltage 
plot of the electrode under electrical stressing. Each step of conductance drop 
corresponds to the formation of one nanogap. The SEM image and the IV tunneling 
characteristic of a typical nanogap are inserted in Figure 4-19b. The tunneling occurs 
through the closest points between two electrodes. The topographic AFM image of the 
PMMA protected-nanogaps in Figure 4-19c indicates that the PMMA hole, with a 
diameter of 150 nm, is formed right at the constriction site. 
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Figure 4-19: a) SEM image of a pre-patterned Au electrode array to be electrically stressed. Scale bar: 5 
m. b) Electrical stressing of an array: 1 V corresponding to 7000 s. The steps of conductance drop 
indicated the formation of nanogaps. The insert (left) is a SEM image of an obtained 1.2 nm nanogap, 
which dimension is estimated from the tunneling current as shown in the insert (right: Current (nA) v.s. 
Applied Bias (V)).  Scale bar: 100 nm. c) Topographical image of three self-aligned PMMA conformal holes 
in array by AFM and the height profile of the PMMA hole structure indicated by the arrow. The diameter 
of the PMMA hole is 150 nm (full-width-at-half-maximum, FWHM). Scale bar: 2 m. 
 
 Due to inherent variability in the lithographically-defined constrictions, the 
thinnest constriction experiences the highest current density, and will begin to 
electromigrate at a smaller applied voltage than the others. As the thinnest constriction 
electromigrates, its resistance increases and the current reduces, and the rate of 
electromigration naturally rebalances among the parallel-connected constrictions so 
that they can evolve together. At some point in time, one junction undergoes final 
evolution to result in a nanogap, and the next thinnest junction becomes pinned. The 
process repeats until all the constrictions have turned into nanogaps and the program 
stops.  
The technique provides a practical approach to fabricate nanogaps in an efficient 
way due to the simple electrical stressing method and hence can be used to make 
multiple devices. The nanogaps could be used in parallel connection, such as to measure 
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surface-enhanced Raman spectroscopy of molecules, [110] or as individually to study 
electrical properties of nano-objects, depending on the specific goals. The possibility of 
integrating the nanogap array with nanofluidic channels may also open up doors to a 
whole range of exciting discoveries, e.g., DNA detection [70] and sequencing [111] by 
measuring the conductance along the short axis of the DNA strands. 
 
Selective dissolution has also been attempted to fabricate parallel self-aligned 
PMMA hole structure. Unfortunately, unlike the electrical stressing process, the 
inevitable spread of resistance leads to an uneven distribution of current among 
constrictions, which results in uneven heating and dissolution patterns as shown in 
Figure 4-20.  
 
Figure 4-20: Topographical image of a PMMA protected bi-bowtie structure in parallel by selective 
dissolution.  The hole pattern is only formed at the lower constriction but not at the higher constriction 
site due to unequal resistance at the two sites. The insert is the height profile of the dotted line at the 
lower constriction. Scale bar: 4 m. 
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4.4 Application in Ionic Current Reduction 
The self-aligned polymer-protected nanogap device can significantly reduce ionic 
current in an aqueous solution in the presence of high salt concentration.  To validate 
the ionic current reduction capability, one bare nanogap, one PMMA-protected 
nanogap with 200 nm diameter hole and one PMMA-protected nanogap with 2 μm 
diameter hole were tested in a PBS buffer solution (0.3 M NaCl, 10 mM 
NaH2PO4/Na2HPO4, pH 7).  As shown in Figure 4-21a, the ionic current detected by the 
bare nanogap was 20 nA at 500 mV.  In contrast, the PMMA-protected nanogap with 
200 nm diameter hole showed 0.1 nA at 500 mV.  The ionic current from PBS buffer 
solution was reduced by two orders of magnitude. Figure 4-21a also shows that the size 
of the PMMA hole affects the background ionic current from electrolyte. With a larger 
hole area (2 μm in diameter), the ionic current was higher than that of a smaller hole 
area, which is due to the greater conducting area exposed to the electrolyte. The 
hysteresis loop for the bare nanogap in the I-V curve can be attributed to the 
capacitance of the electrolyte solution. In addition, the PMMA-protected nanogap with 
200 nm diameter hole shows only subtle variations in ionic current at different salt 
concentrations (1 M, 0.3 M and 0.1 M NaCl) (Figure 4-21b). The ultra-small exposed area 
of the nanogap electrode in PMMA hole significantly reduced the effective conduction 
area exposed to the electrolyte. The local accumulation of ions may also repel other ions 
from contributing to the conduction, and thus the background ionic current was 
reduced to a constant level even at very high concentration.  
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Figure 4-21: a) I-V characteristics of a bare nanogap and two nanogap with a self-aligned conformal 
PMMA hole (200 nm and 2 m diameter) in 0.3 M PBS buffer; b) I-V characteristics of a nanogap with a 
self-aligned conformal PMMA hole in 1M, 0.3M and 0.1M NaCl solution. Measurements are done at a 
voltage sweep rate of 5 mV/ 50 ms. 
 
4.5 Summary 
In summary, this chapter presented two techniques to fabricate polymer 
protected nanogap devices. It was demonstrated that the selective dissolution 
technique is a good choice for nanowire structures due to the  confined temperature 
profile, while local polymer ablation works better for protected nanogap fabrication for 
its one step simplicity and high resolution. Furthermore, due to the simple use of 
electrical stressing, polymer-protected nanogap devices can be fabricated in a parallel 
manner, which is indeed very useful to produce multiple devices. In addition, in contrast 
to conventional bare nanogaps without polymer protection, the self-aligned polymer-
protected nanogap devices are able to reduce the ionic current from the electrolyte by 
two orders of magnitude in aqueous solution at high salt concentrations. These gaps are 
used for DNA sensing (Chapter 5) and direct measurement of DNA helix conductance in 
buffer solution (Chapter 6). 
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Chapter 5 DNA Sensing by Gold Nanoparticle 
Assembly 
Rapid and sensitive detection of biological molecules such as DNA and proteins 
are essential in biodefence and drug delivery applications [112][113]. As reviewed in 
Chapter 2 (Section 2.3), Mirkin’s group has demonstrated an interesting technique to 
detect DNA optically (colormetric detection) [48] and electrically (conductance change 
of gaps) [15] by oligonucleotide-modified gold nanoparticle assembly. In the latter work, 
it is noted that due to the large micro-meter gap size, a silver amplification process, 
which deposits silver around gold nanoparticles by local reduction of Ag+ solution, is 
necessary to give a measurable electrical signal after DNA hybridization induced 
nanoparticle assembly. As presented in Chapter 3, the nanogaps we fabricated are much 
smaller than the gaps presented by Mirkin’s group [15], hence we demonstrate here 
DNA detection without the silver enhancement step. Moreover, using the polymer-
protected nanogap devices described in Section 4.2, direct DNA detection in aqueous 
environment with high ionic strength becomes feasible as a result of significantly 
reduced background ionic current (Section 4.4).  
 
5.1 Au nanoparticle assembly by DNA hybridization 
All oligonucleotides were purchased from Sigma Aldrich Ltd. 15 nm diameter Au 
nanoparticle solution was prepared following a method in the literature [103]. The 3’- or 
5’-terminal disulfides of oligonucleotides strands were first cleaved by dithiothreitol 
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(DTT) in a buffer solution (0.1 M phosphate, pH 8.0) for 2 hours, and purified with a 
NAP-5 column purchased from GE Healthcare Ltd.  The Au colloid solution was then 
mixed with the purified thiol-DNA solution and left overnight. The concentration was 
gradually increased to 0.3 M NaCl, 10 mM NaH2PO4/Na2HPO4, pH 7 buffer (0.3 M PBS 
buffer) every 4 hours. After 48 hours, the nanoparticles were centrifuged and re-
dispersed in 0.3 M PBS buffer. The surface modification of nanogap electrodes with 
thiolated oligonucleotides was carried out via a similar procedure. For DNA 
hybridization, the substrate was immersed into a mixed solution of probe DNA 
functionalized Au nanoparticles (2 nM) and target DNA (1 µM; final target 
concentration).  The device was then incubated at 85 OC for 5 min and slowly cooled 
down.   
 
5.2 DNA sensing using bare nanogaps 
Following the Mirkin’s approach, the detecting mechanism is schematically 
shown in Figure 5-1. The exposed electrodes were first modified with a single-stranded 
oligonucleotide (Capture strand a) and placed into a solution (0.3 M PBS buffer solution) 
of 15 nm Au nanoparticles modified with a different single-stranded oligonucleotide 
(Probe strand b) [102][114]. Upon DNA hybridization, the target DNA would behave like 
a linker to immobilize the Au nanoparticles to the modified Au electrode surfaces. The 
helix schematic in Figure 5-1 illustrates the interface between Au nanoparticles and 
electrode surface as indicated by the dotted square.  
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Figure 5-1: Schematic of target DNA sensing by a detection system that comprises an oligonucleotide-
modified nanogap and Au nanoparticles. The helix schematic illustrates the DNA linker to immobilize the 
Au nanoparticle to Au surface (interfaces indicated by the dotted square).  
 
Comparative SEM images of Au nanoparticle assembly on test samples with 
mismatched target and with complementary target are shown in Figures 5-2a and 5-2b, 
respectively. It is observed that only with the presence of the complementary target, did 
DNA hybridization occur, which led to gold nanoparticle assembly to the modified 
surface, while with mismatched target, only a few gold nanoparticles were attached 
randomly by nonspecific binding. These control experiments demonstrated the 
selectivity of gold nanoparticle assembly by DNA hybridization.    
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Figure 5-2: a) Random occurrences of nonspecific Au nanoparticle binding, using mismatched target (5’- 
GCG ACG ATC AGC AGT ACG CCA TGG-3’). b) Au nanoparticle assembly with complementary Target (5’-
ATT AGG CAC AGC CGA CTA GCA TAT-3’). Scale bar: 100 nm. 
 
In typical DNA sensing experiments using nanogaps obtained by shadow 
evaporation (addressed as nanogap S in the latter discussion) and electromigration 
(nanogap E), each device was characterized using a HP4156 source measuring unit in a 
probe station before and after gold nanoparticle assembly by DNA hybridization. A 
voltage sweep from 0 to 500 mV was carried out with 5 mV steps to measure the 
conductance of the nanogap. When there was no complementary DNA, the Au 
nanoparticles were not able to assemble to the nanogap, and the conductance of the 
device unchanged. Upon successful DNA hybridization with the complementary target, 
Au nanoparticles were assembled to the modified surface including the vicinity of the 
nanogap as shown in Figures 5-3a and 5-3c, thereby providing additional current 
pathways. The conduction is due to electron tunneling rather than direct metal contact 
between Au nanoparticle and Au electrode as DNA strands wrapped around the Au 
nanoparticle surface. Figures 5-3b and 5-3d show the respective IV characteristics of a 
nanogap before and after DNA hybridization. It is noted that the current measured 
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(about 1.4 A) from nanogap S after nanoparticle assembly is higher than the current 
from nanogap E (about 9 nA) at 500 mV. This is due to many more nanoparticles being 
assembled in nanogap S contributing to the conduction than those in nanogap E as 
nanogap S is much wider (10 m as shown in Figure 3-2b) than nanogap E (about 200 
nm at the electrode tip). In addition, it is noted that the current flow through the 
nanogap increased by about 40 times (Figure 5-3b) and 1600 times (Figure 5-3d), 
respectively. The magnitude of current increase of nanogap S was expected to be higher, 
or at least similar to the order of nanogap E. The smaller than expected increase is due 
to the initial high tunneling current of the nanogap. As discussed in Section 3.2, there 
could be Au atoms bridging the nanogap electrodes that result in high tunneling current 
and sometimes even shorting the nanogap. The nanogap E is an irregular crack due to 
the random nature of electromigration by atom movement and has a tunneling nanogap 
(1~2 nm). In both cases, the Au nanoparticles (15 nm) are much larger than the 
tunneling nanogap and sit within the large crack to create parallel conduction paths 
alongside the tunneling nanogap. In fact the initial tunneling current is undesirable in 
these measurements and needs to be as low as possible.     
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Figure 5-3: a) & c) SEM pictures of a nanogap after Au nanoparticle assembly by DNA hybridization, scale 
bar: 100 nm; b) & d) IV characteristics of a nanogap before and after DNA hybridization. 
 
5.3 DNA Sensing in Near-Physiological Conditions 
However, the conventional bare nanogap devices presented in Section 5.2 have 
limitations for molecule detection in aqueous solutions under near-physiological 
conditions (i.e., high ionic strength) [115] as the current flowing through the gap can be 
orders of magnitude smaller than the parallel ionic current flow between the 
macroscopic electrodes. Researchers have attempted to reduce the background ionic 
current by protecting the electrode using photoresist Error! Reference source not found. 
and PMMA [88] or insulating the measuring tips by polymer coating [72].  A very recent 
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publication by Huang and coworkers describes an approach to fabricate polymer-
protected gap electrodes but with relatively large-junction gaps (25-100 nm) that could 
potentially be used to address this ionic-current issue [91]. As discussed in Chapter 4, 
our polymer-protected nanogap devices exhibit two orders of magnitude reduction in 
parasitic ionic currents and thus offer markedly improved signal-to-noise ratio. DNA 
hybridization detection in buffer solution is presented here using the polymer-protected 
nanogap devices by Au nanoparticle assembly.  
The polymer-protected nanogap electrodes are oligonucleotide modified and the 
DNA hybridization was carried out in a solution (0.3 M PBS buffer solution) of modified 
Au nanoparticles and the target DNA. The procedure is quite similar to the steps 
described in the previous section, but all the electrical measurements were made in 
buffer solution instead. In the presence of a complementary target DNA (Target strand 
a’b’), the nanogap device shows a marked increase in electrical conductance (Figure 
5-4a).  In contrast, with non-complementary target DNA the nanogap shows essentially 
unaltered electrical conductance as no Au nanoparticles assembled.  The target DNA-
induced electrical response is attributed to the controlled assembly of Au nanoparticles 
in the vicinity of the nanogap thereby providing an additional current pathway.  This is 
confirmed by SEM characterization of the nanogap, showing a high density of 
nanoparticles precisely assembled into the electrode gap (Figure 5-4b).  It should be 
noted that without the PMMA layer protection, the measured ionic current (~10-8 A) 
through a bare nanogap device as shown in Figure 4-21a completely masks the electrical 
read-out signal (~ 10-10 A) in the event of DNA hybridization.      
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Figure 5-4: a) I-V characteristics of the nanogap before and after DNA hybridization in the presence of Au 
nanoparticles in a 0.3 M buffer solution. Measurements are done at a voltage sweep rate of 5 mV/ 50 mS. 
b) SEM image of a nanogap showing nanoparticle assembly in the vicinity of the nanogap electrodes upon 
DNA hybridization.  Note that the PMMA layer is removed by oxygen plasma for high resolution SEM 
image and the dashed red circle indicates the approximate position of the original PMMA hole structure. 
Scale bar is 100 nm. 
 
5.4 Summary 
In summary, applications in label-free DNA hybridization detection by Au 
nanoparticle assembly in both dry and wet (in buffer solution) states have been 
demonstrated here. For the former experiments, DNA detection without silver 
amplification that is commonly used in DNA detection to enhance the electrical signal is 
achieved due to the nanometer gap spacing.  For the latter experiments in buffer 
solution, we have demonstrated the application for wet DNA sensing, focusing primarily 
on ionic current reduction by the polymer hole. In fact, this application for DNA sensing 
did not exploit the sub-2 nm nanogap.  It should be noted that the polymer-protected 
sub-2 nm nanogap is capable of capturing molecules, peptides or DNA, which are much 
smaller than the 15 nm gold nanoparticles used here, and detecting/studying these 
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molecules in aqueous solution [116]. The next chapter will present in situ measurements 
of DNA strands in solution. 
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Chapter 6 In situ DNA trapping and 
measurement in solution 
Real-time ultrafast conductance analysis of an individual DNA has gained 
considerable interest for its application in biology and medicine [112][117]. Reliable 
electronic connection and coupling between DNA and the probing electrodes is 
necessary to provide convincing measurement of conductance [120]-[123]. Nanopore 
detectors have been reported recently that detect the properties of an individual DNA 
strand in real-time by pulling the strand through a pore while measuring the changes in 
the ionic current through the pore caused by the DNA blockage [124]-[127]. Researchers 
have also demonstrated DNA measurement in aqueous solution using an AFM tip to pull 
DNA with thiol group (-SH) modification to study conductance vs. DNA strand length [72]. 
Nanogaps have also been intensively used for studying the conductance of DNA [128]-
Error! Reference source not found.. Dekker and coworkers trapped a single DNA 
molecule within a 8 nm nanogap and characterized its electrical property in vacuum [12]. 
Chou’s group has detected the presence of long DNA strands (up to kilo base pairs) 
along its short axis by flowing the solution containing the molecules through a 9 nm 
nanogap while monitoring the electrical signal [70].  
This chapter presents preliminary results for in situ double-stranded DNA (dsDNA) 
trapping and dsDNA conductance measurement in PBS buffer solution. To show that the 
captured molecule is dsDNA, experiments were conducted to observe the melting of the 
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captured dsDNA by monitoring the conductance drop in situ while raising the 
temperature to denature the double-strand. 
 
6.1 Preparation of dsDNA   
5’-SH-(GC)4-3’ oligonucleotides were purchased in a disulfide form from Sigma-
Aldrich Ltd. The sequence of the DNA molecule was designed to be self-complementary 
to form a duplex structure with thiol-modification at two ends after hybridization as 
shown in Figure 6-1. An 8 base-pair DNA is specifically chosen because the duplex 
structure of a shorter sequence is not stable at room temperature and the length of this 
DNA strand is about 2.7 nm (each base pair is 0.34 nm in length [60]), which is 
comparable with the nanogap dimension fabricated by electromigration (1~2 nm). The 
DNA molecules were hybridized in PBS buffer solution (0.1 M sodium chloride, 10 mM 
sodium phosphate, PH 7) by annealing at 85 ℃ for 5 mins followed by slow cooling to 
form a helix structure [130]. 
 
Figure 6-1: Self-complementary 8 base-pair DNA sequence with thiol-modification at two ends. The 
diameter of the double-strand is 2.2 nm and each base pair is 0.34 nm in length Error! Reference source 
not found..   
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6.2 In situ dsDNA trapping in PBS buffer solution 
Deposition of a dsDNA molecule between the electrodes is achieved with 
electrostatic trapping [13] [131]. A 10 L droplet of 10 M dsDNA solution was placed 
on top of the PMMA-protected nanogap, and a voltage of 2 V was then applied between 
the electrodes with a 100 MΩ series resistor as shown in Figure 6-2a. A nearby dsDNA, 
polarized by the electrical field, is attracted to the nanogap. Once a dsDNA molecule is 
trapped and current starts to flow through it, a large part of the voltage drops across the 
series resistor, which reduces the field between the electrodes and reduces the chance 
for trapping other molecules. Figure 6-2b is the in situ conductance measurement with 
respect to time. From time 0 to 16 s, the initial conductance (~2 nS) is due to current 
flow between the nanogap electrodes, which were only exposed to the ionic electrolyte 
solution through the PMMA hole while the rest of the electrodes was protected. At time 
17 s, a dsDNA was captured and the conductance increased to about 9 nS, which is the 
total conductance of the captured dsDNA molecule and the series resistor. It is noted 
that the fluctuation in the final conductance should be due to the fluctuating dsDNA 
conductance, which will be discussed further in Section 6.3. 
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Figure 6-2: a) Schematic of circuit for dsDNA electrical trapping. Applied bias is 2 V. 100 MΩ is the series 
resistor to limit the electric field after the capture of one dsDNA to avoid multiple trapping events. b) In 
situ monitoring of dsDNA trapping: a typical Conductance vs. Time curve of dsDNA trapping. The step 
conductance increase indicated successful capturing of a dsDNA . 
 
6.3 Direct conductance measurement of dsDNA in solution 
The conductance of the captured dsDNA was then electrically characterized in 
the same buffer solution after removing the series resistor. The captured dsDNA helix is 
covalently bonded to the Au electrode through thiol-Au binding as illustrated in Figure 
6-3a. Figure 6-3b shows a typical IV characteristic of the dsDNA helix from -200 mV to 
200 mV at a ramp rate of 5 mV/ 50 ms. The dsDNA helix demonstrates ohmic behavior.  
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Figure 6-3: a) Schematic of direct dsDNA conductance measurement. The DNA 5’-SH-(GC)4-3’ is self-
complementary. Once it is trapped, the dsDNA is then immobilized to the nanogap electrode by thiol-gold 
bonding and formed a bridge between the nanogap so that it is possible to measure the conductance of 
the dsDNA in solution. b) I-V characteristics of a dsDNA molecule in PBS buffer solution. The applied bias is 
from -200 mV to 200 mV at a ramp rate of 5 mV/ 50 ms.  
 
Why is a dsDNA helix in solution conductive? According to Cuniberti and co-
workers [132], the conduction observed could result from a strong perturbation of the 
electronic system mediated by the dissipative water environment. The perturbation 
may modify the low-energy electronic structure of the DNA strand and induce new 
energy states, which could induce increased conduction. It has been reported that DNA 
conductance exhibits an exponential increase up to 106 times with rising humidity as the 
current does not flow through the DNA itself but flow through the water layer adsorbed 
at the DNA backbone, which increases exponentially with increasing humidity [133]. 
Experimental results (Figure 6-4a) show that upon drying or immersion in deionized 
water, the conductance of the captured dsDNA drops significantly. We propose that the 
conduction is not only from dsDNA helix itself, which bridges over the nanogap 
electrodes, but also from the counter ions attached to the backbone of the dsDNA and 
water molecules absorbed via ionic conduction [134]. It is observed that the current was 
only in the order of tens of pA with significant noise when the DNA was dried or 
immersed in deionized water as shown in Figure 6-4b, which suggests the captured DNA 
molecule is no longer conductive under these circumstances. In deionized water, the 
dsDNA would be denatured due to the absence of counter ions, which are necessary to 
hold the negatively charged backbones together. When the sample is dry, there are no 
counter ions or water molecules to create conduction paths.  
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Figure 6-4: a) I-V characteristics of a dsDNA molecule in PBS buffer solution when captured (blue), 
deionized water (red) and dry state (black). b) IV plot of a) without dsDNA conductance in buffer solution.  
 
 
The measured conductance of 5’-SH-(GC)4-3’ is about 0.09 S  0.02 S from 15 
samples as shown in Figure 6-5, and is consistent with the reported value 0.1 S from Xu 
et al. [72]. The spread in the conductance is believed to originate from multiple causes, 
including spatial arrangement of dsDNA strand, the counter ions attached on the 
backbone of the dsDNA, hydrogen bonding, and so on [135].  The ionic current from 
solution affecting the measured conductance is ruled out as the polymer-protected 
nanogap device limited this current to tens of pAs only. 
 95 
 
Figure 6-5: dsDNA conductance distribution. 15 samples were measured. 
 
6.4 Melting of dsDNA 
To show that the molecule trapped is the DNA duplex, in situ dsDNA melting 
experiments were carried out by increasing temperature above the melting 
temperature of the DNA (Tm)
2  to induce the denaturing of the helix structure as 
captured, the dsDNA helix adopts a stiff rod-like conformation and bridges the nanogap 
[6]. Upon melting, the helix denatures and becomes tangled single strands [137], which 
no long bridge the nanogap and thus a conductance drop is expected. Another possible 
cause for the conductance drop can be damage of the dsDNA due to the presence of 
current flow.  
                                                 
2
 Melting Temperature of a dsDNA is the temperature above which the thermodynamic instability 
overcomes the stacking energies that provides cohesion between adjacent base pairs and leads the 
uncoiling of the helix structure, generating two single stands Error! Reference source not found.[135].  
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Figure 6-6: Schematic of a) ds DNA adopts a stiff rod-like conformation and bridges the nanogap and b) 
single strands become tangled upon denaturation due to melting.  
 
The melting temperature of the self-complementary DNA was calibrated using 
SHIMADZU UV‐2450 spectrophotometer. Absorbance was recorded at 260 nm 
wavelength with a dsDNA concentration of 5 M in buffer solution as shown in Figure 
6-7. Upon melting the dsDNA, the UV absorbance increases. It is observed that the 
melting curve is not very sharp but gradual. The gradual increase of absorbance from 
32 ℃ till 80 ℃ indicates that melting starts at ~32 ℃ and progresses over the 
temperature range. The gradual melting curve is due to the high concentration (5 M) 
such that not all of the duplexes melt at the same temperature simultaneously and 
some dsDNA denatured after the others. .  
 
Figure 6-7: Melting temperature calibration of DNA duplexes The absorbance was recorded at 0.5 ℃ 
intervals using a hold time of 1 minute at each temperature. 
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The experimental set up when conducting in situ melting of trapped dsDNA is 
illustrated in Figure 6-8.  A thin film power resistor was placed beneath the nanogap 
device with trapped dsDNA in PBS buffer solution to heat up the device. A Keithley 2000 
multimeter with a thermocouple module was interfaced to a computer for temperature 
recording.  
 
Figure 6-8: Schematic to show the experimental set up of in situ melting of trapped DNA in buffer solution. 
 
 
The conductance of the DNA molecule in solution was monitored in situ at an 
applied bias 100 mV while heating as shown in Figure 6-9. From time 0 to 150 s, the 
initial conductance (~0.1 S) is due to the current flow through the dsDNA helix 
captured. At time 150-200 s, the temperature was above 40 ℃, and denaturing of the 
helix started due to the melting process, leading to decreasing conductance. The 
conductance drop observed thereby supports the hypothesis that we proposed above. 
The melting process observed also shows that the molecule trapped indeed is a dsDNA.  
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Figure 6-9: In situ conductance measurement of dsDNA melting process. Applied Bias was 0.1 V. A step-
like conductance drop was observed due to denaturing of the helix structure. 
 
6.5 Discussion 
 Serious Au corrosion (Figure 6-10) is frequently observed in trapping 
experiments, which significantly reduces the yield of DNA trapping. Control experiments 
were done on bare electrodes in the same buffer solution with high voltage bias and no 
corrosion occurs. Hence, the corrosion appears not to be purely from an 




Figure 6-10: Gold corrosion after dsDNA trapping process. 
 
Studies reported in the literature show that thiol-modified ligands attached to 
gold surfaces may lead to gold etching/corrosion. Formation of the thiol-Au bond may 
involve complicated dissolution processes and re-arrangement of the gold atoms 
[138][139]. The thiol-Au bond would stabilize after a small amount of gold has been 
removed (∼5 monolayers) during re-arrangement of the surface layer atoms. However, 
due to the electromigration process during the nanogap fabrication, our Au nanogap 
electrodes, especially the cathode electrode where gold atoms migrate out, are very 
defective (Figure 6-11a). If the defective cathode side is used as the cathode side in DNA 
trapping (Figure 6-11b), the corrosion of Au would probably occur due to the reactions 
proposed in Figure 6-11c [138]. During the DNA trapping process, the passive layer of 
gold oxide at the cathode side dissolves away by thiol induced gold corrosion [140].  
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Figure 6-11: Schematic of a) the nanogap fabricated by electromigration; b) voltage bias setup in DNA 
trapping; c) possible reactions in thiol-DNA attachments to Au surface. R: general symbol for ligands. 
 
Experimentally it was found that the use of the more defective electrode as the 
anode for tapping (Figure 6-12a) is able to reduce but, unfortunately, not prevent Au 
corrosion. A control experiment was carried out to trap DNA duplexes in buffer solution 
and the resulting SEM image is shown in Figure 6-12b. It is observed that the dsDNA 
seem to be attracted to the cathode side and formed a deposited film. Possible 
reactions are proposed in Figure 6-12c [139]. Gold oxide exchanged with thiol-modified 
DNA, which undergoes structural rearrangements to form a self-assembled layer at the 
cathode side [138].  
 101 
 
Figure 6-12: a) Schematic of voltage bias setup in dsDNA trapping; b) a SEM image of a bare Au electrode 
after dsDNA trapping. The film deposited at the cathode side should be dsDNA; c) Possible reactions in 
thiol-DNA attachments to Au surface. R: general symbol for ligands. 
 
6.6 Summary 
In summary, the polymer-protected sub-2 nm nanogap enables in situ 
monitoring of electrical trapping of a single dsDNA molecule. The conductance of the 
captured dsDNA helix was then electrically characterized and shows ohmic-like 
conductance of 0.09 S 0.02 S, which is consistent with the published value of 0.1 S 
from other groups. DNA melting experiments were carried out by heating the captured 
dsDNA helix structure above Tm in buffer solution and conductance drop was observed 
upon dsDNA melting. Unfortunately, corrosion of the Au electrodes frequently occurred 
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in experiments and significantly reduced the yield of dsDNA trapping process. It is 






Chapter 7 Conclusions and Future Work 
7.1 Conclusions 
 In this work, we have developed a technique to fabricate polymer-protected 
nanogap devices. The process involves a simple electrical stressing method using a slow 
voltage ramp to induce electromigration in Au electrodes and simultaneously localized 
polymer ablation at a pre-patterned weak constriction.  The device obtained has a 
unique structure that possesses a sub-2 nm nanogap and a self-aligned polymer hole 
located at the nanogap position. In contrast to the conventional bare nanogap devices 
with exposed electrodes, the electrodes of the polymer-protected nanogap devices are 
covered by a thin polymer layer.  Therefore, the polymer-protected nanogap device is 
suitable for molecular sensing in aqueous environment, even in high-ionic-strength 
solutions. It was shown experimentally that the polymer-protected nanogap device was 
able to reduce the ionic current from PBS buffer solution (0.3 M NaCl, 10 mM 
NaH2PO4/Na2HPO4, pH 7, commonly used for DNA hybridization) by two orders of 
magnitude. Only with the greatly suppressed background ionic current, were we able to 
detect the DNA hybridization event with a signal in the order of 10-10 A in buffer solution, 
which would have been completely masked by the background ionic current had there 
been no polymer protection.  
 Another self-aligned patterning technique has been developed, based on 
selective polymer dissolution to expose nanowire/tube structures beneath a polymer 
layer while the electrodes remain protected. The approach makes use of the increased 
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temperature profile along the nanowire by Joule heating with a current passing through 
the nanowire/tube. In the presence of a suitable solvent, the pre-coated polymer was 
dissolved at the heated region while the cooler areas elsewhere remained, resulting in a 
self-aligned nanotrench along the nanowire itself. The technique is particularly 
promising for fabricating solution-gated field effect transistors to prevent possible gate 
shorting due to electrodes being exposed to the electrolyte.  
 Finally, single dsDNA molecule capture by electrostatic trapping was 
demonstrated and preliminary results of DNA helix conductance measurement are 
presented. The trapped 8 base-pair poly-GC dsDNA exhibits ohmic behavior with a 
conductance of about 0.09 S.  Melting of the captured dsDNA helix was carried out to 
observe the conductance drop due to denaturing of the molecule.  
 
7.2 Future Work 
 Consistency in the nanogap formation can be improved, focusing on better 
control of size, local geometry and gap location. The local geometry of electromigrated 
nanogaps is non-uniform due to the random nature of the electromigration process, 
which should be improved with more regular grain structure. For the nanogap location, 
it was found that the lower temperature is, the closer the nanogap is to the constriction.  
In addition, effort should also focus on nanogap formation in electrodes defined by 
optical lithography as EBL is both time-consuming and costly.  
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From our initial work, the nanogap devices have shown potential in DNA sensing 
applications. For this project, only fully complementary target is detected. In future 
work, mismatched DNA detection should be carried out using stringency wash 
technique, i.e., performing a rinsing process at the DNA melting temperature to 
differentiate the DNA sequences [15]. In addition, the same probe-capture-target 
detection mechanism is very useful for mercury ion detection. Xue et al. have worked 
out the chemistry and demonstrated the detection of Hg2+ using DNA/nanoparticle 
conjugates [102]. Our nanogap is in fact a suitable candidate for realizing electrical 
detection of Hg2+ detection using this approach.  
 There is also quite a lot of interesting work to do in direct measurement of DNA 
conductance.  The Au corrosion encountered in this project seriously affects the 
reliability of the data obtained. More work need to be done to understand the corrosion 
mechanism. Future work should focus on how to improve the yield of DNA trapping and 
the reliability of the results, by avoiding Au corrosion in solution. A systematic study of 
the DNA trapping process (time and concentration dependence) and an investigation of 
the length and sequence dependent conductance then become worthwhile. Last but not 
least, the fabricated sub-2 nm nanogap is capable of conducting measurements along 
the short axis of the dsDNA helix (~2 nm). Integration of the nanogap with a nanofluidic 
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